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A longitudinal study of first order streams in three forested watersheds was 
conducted to determine spatial and temporal trends in geochemistry during high 
discharge acidic episodes. The watersheds were East Bear Brook and Hadlock Brook 
(Maine, USA), and Fernow WS3 (West Virginia, USA). Watersheds were selected based 
on soil type, stream pH, and historical chemistry. Stream sampling sites were distributed 
along an elevational gradient and sampled simultaneously during a high discharge 
episode. Base flow samples were collected prior to the start of the hydrological event. 
The Maine watersheds, East Bear Brook and Hadlock Brook, were sampled 
during fall 2005 rain events. Fernow WS3 was sampled during a December 2005 
snowmelt event. All watersheds experienced a temporal decline in pH and ANC during 
the hydrologic event. Temporal decline in pH at East Bear Brook resulted from increased 
organic acids, cation exchange in soils releasing hydrogen (H ), and high PCO2 in soil 
water. Organic acids also contributed to pH depression at Hadlock Brook along with 
direct inputs of acid precipitation and addition of NO3". At Fernow WS3, pH declined in 
response to increased NO3" and SO4 " during the hydrologic event. Acid neutralizing 
capacity and pH increased downstream in all streams. As water moved downstream 
neutralization mechanisms such as water column-stream sediment ion exchange, 
degassing of CO2, and mixing with higher pH groundwater caused the pH to increase. 
The temporal decline in ANC at East Bear Brook and Hadlock Brook resulted from 
increased organic acid and greater dilution of base cations than anions by groundwater. 
As with pH, ANC generally increased downstream at East Bear Brook and Hadlock 
Brook due to neutralization and dilution by higher ANC groundwater. The temporal 
decrease in ANC at Fernow WS3 was due to a slight increase in acid anions. There was 
no evident spatial trend in ANC at Fernow WS3. 
Soil water draining the low alkalinity upper soil horizons was a major influence 
on event stream chemistry at East Bear Brook and Hadlock Brook. Increased DOC, K, 
Al, Fe, and trace metals were typically positively correlated with flow. Calcium, Mg, and 
Na were diluted with increasing discharge over time but generally increased downstream 
due to thicker soils and deeper flow paths of discharging groundwater. Event chemistry 
was well buffered by the Fernow WS3 soils with no significant change in base cations 
and little change in acid anions. 
Aluminum (Al) was oversaturated with respect to gibbsite in all streams but 
undersaturated with respect amorphous Al(OH)3. Concentrations of total and dissolved 
Al, as well as dissolved Fe, increased with increasing stream flow at all sampling 
locations. Total and dissolved Al typically decreased downstream as a result of dilution 
or precipitation of Al(OH)3. Particulate Al and particulate Fe covaried at all three 
research sites, implying that they are from similar sources. Phosphorus (P) was low, 
<1.0-5.0 |ig/L in all research streams. Other trace metals were low and typically 
influenced by changes in flow path, not pH. 
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Chapter 1 
INTRODUCTION, LITERATURE REVIEW, AND OBJECTIVES 
Introduction 
Acidification of ecosystems and consequent impacts due to acidic deposition 
became increasingly studied in the 1970s (NAPAP SOS/T Report 12). Research 
connecting chronic ecosystem acidification to anthropogenic emissions directed new 
legislation in the United States (USA) such as the Clean Air Act of 1970 and the Clean 
Air Act amendments in 1990. Europe, also experiencing the effects of acid rain, 
decreased sulfur (S) and nitrogen (N) emissions after political and economic changes 
during 1989 (Kopacek and Vesely, 2005). Toxic emissions have decreased in the USA 
(Lynch et al., 1996, Likens et al., 1996, 2001) and Europe (Kopacek and Vesely, 2005) 
since the implementation of emissions standards. However, episodic acidification is still 
common in the northeastern USA and is likely more widespread than chronic 
acidification (Lawrence, 2002). 
There are many studies on episodic acidification and the mechanisms responsible 
(e.g. Wigington et al., 1992, 1996a, b; Tranter et al., 1994). A brief synthesis of research 
prior to 1990 is included here based on the National Acid Precipitation Assessment 
Program (NAPAP) State of Science and Technology (SOS/T) Report 12 (1990). A 
representative collection of research published after 1990 is discussed in two sections; 
temporal and spatial studies. This distinction emphasizes the effects of episodic 
acidification on changes in stream water chemistry through time and changes in 
1 
chemistry through space. Few studies include both temporal and spatial dimensions in 
stream chemistry during episodic acidification. 
Literature Review 
Research Prior to 1990 
Episodic acidification is a short-term decrease in acid neutralizing capacity 
(ANC) of surface water on a time scale of hours to weeks and is associated with 
hydrological events (NAPAP SOS/T Report 12, 1990). The NAPAP SOS/T Report 12 
synthesized much of the published research on episodic acidification prior to 1990 in the 
United States, Canada, and Europe. A majority of the studies on episodic acidification 
prior to 1990 focus on spring snowmelt or rain-on-snow hydrologic events (e.g. Likens et 
al., 1970; Glover et al., 1980; Johannessen et al., 1980; Colquhoun et al., 1981; Cadle et 
al, 1984; Schnoor, 1984; Einstein and Burnham, 1985; Hooper, 1986; Sullivan et al., 
1987a; Tranter et al, 1988; Eilers and Bernert, 1989; Seip et al., 1989; Stottlemeyer and 
Rutkowski, 1990). Few studies considered rain events (e.g. Christophersen and Wright, 
1981; Wolff, 1981; Langan, 1985; Ford et al., 1986; Langan, 1987; Nix et al., 1987; 
Sullivan et al., 1987b; McAvoy, 1989). The sampling methods were typically spatially 
limited, with no mention of more than one sampling location along the stream (e.g. 
Christophersen et al., 1984b; Andersen, 1987; Cresser et al., 1987; Howells, 1989). 
Sampling frequency ranged from weekly to hourly (e.g. Sharpe et al., 1984; Langan, 
1985; Lynch et al., 1986; Baird et al., 1987) and the method of sample collection 
(automated or hand collected) was not always stated. One sample or several samples 
(weekly or monthly averages) collected from the same location were commonly used to 
2 
interpret the mechanisms responsible for the stream water chemistry. Based on the 
episodic acidification research before 1990, the NAPAP SOS/T Report 12 presented four 
conclusions: (1) episodic acidification is widespread in the USA, Canada, and Europe but 
the magnitude of acidification (ANC decrease) is variable. The nature of a watershed's 
hydrological event and the spatial variability of chemical conditions affect the severity of 
episodic acidification. (2) Flow paths during hydrological events play an important role 
in the chemistry of the stream. Shallow flow paths through upper soil layers result in 
more acidic soil pore water from plant respiration, dissolved organic acidity, and acidic 
deposition. Deeper flow paths through mineral soil contribute more alkaline waters to the 
stream. (3) Episodic acidification is the result of natural and anthropogenic factors and 
these factors differ among catchments. Dilution of pre-event water by precipitation and 
H+ generation from nitrification, organic acid production, and salt effects are natural 
acidification factors. Anthropogenic contribution to acidification is wet and dry acidic 
deposition of S and N on the watershed. Sulfur and N mobilize H+ and Al. (4) More 
research needs to be conducted to support modeling of episodes, which has only been 
mildly successful. 
The NAPAP SOS/T Report 12 reported that many complex interactions occur 
during short-term acidic episodes. Increased concentrations of H+ and total dissolved Al 
result from shallow interflow mobilizing dissolved acids (DOC) (Eshleman and Hemond, 
1985; Sullivan et al., 1986; Haines et al., 1989, McAvoy, 1989). Direct inputs of strong 
acids (H2S04 and HNO3) to surface water as precipitation or melt water increase stream 
acidity (Jones, 1987b; Potter et al., 1988). Sulfate can be removed from solution by 
sorption and ion exchange with hydroxide (OH), decreasing acidity by binding H+ to 
3 
form H2O. Nitrification of ammonium (NH4) in soils produces NO3" and H+, contributing 
to acidity (Galloway et al., 1987). Deeper flow paths through mineral soil are 
characterized by exchange of protons for cations (Ca, Mg, Na, K, Al) and trace metals. 
Cation exchange, especially for trace metals, is pH dependent (James and Healy, 1972). 
High PCO2 water discharged into the stream releases CO2 causing an increase in pH. 
These terrestrial and in-stream processes determine stream chemistry during acidic 
episodes. These processes are important because concentrations of elevated H+ and 
dissolved Al concentrations can cause toxic conditions in streams that are otherwise good 
habitat for fish communities. Since the publication of NAPAP SOS/T Report 12, 
expanded spatial and temporal sampling have helped to create a clearer picture of 
mechanisms affecting stream chemistry. 
Research: 1990-Present 
Expanded spatial and higher frequency sampling is key to understanding 
terrestrial and in-stream processes influencing stream chemistry. Typically, watershed 
chemistry has been characterized using samples collected from one location along the 
draining stream during low flow conditions. However, stream chemistry varies with 
variable groundwater input and flow paths, changes in vegetation, and degassing of 
carbon dioxide (CO2). The following discussion focuses on episodic acidification 
research published after 1990. 
4 
Temporal Studies 
Substantial episodic acidification research in the USA since 1990 has been 
conducted in the northeastern United States (e.g. Kahl et al., 1992; David et al., 1992; 
Wigington et al., 1996a,b; Roy et al., 1999; Reinhardt et al., 2004). Additionally, the 
Mid-Atlantic and western regions (Caine, 1995; Hyer et al., 1995) have been subject to 
acidic event research in the 1990s. Lawrence (2002) hypothesized that the extent of 
episodic acidification is much more widespread than chronic acidification. In a study of 
streams draining the West Branch Neversink River watershed in the Catskill Mountains, 
New York, 122 base flow samples from small individual catchments indicated that 16% 
of the streams were chronically acidic (base flow ANC <10 ^eq/L). However, Lawrence 
suggested that an additional 66% of the streams would become acidic during a high flow 
event. 
The Episodic Response Project (ERP) was initiated in the late 1980s as a 
cooperative study between the United States Environmental Protection Agency (EPA), 
Pennsylvania State University, Adirondack Lake Survey Corporation, and the United 
States Geological Survey (USGS) to evaluate episodic acidification (high flow ANC <0) 
in the northeastern USA. Thirteen streams (3 of the 13 were considered chronically 
acidic) located in the Adirondack Mountains and Catskill Mountains of New York, and 
the northern Appalachian Plateau of Pennsylvania were monitored from 1988 to 1990 to 
assess the chemical and biological characteristics of episodic acidification. Automated 
samplers collected samples at fixed time intervals (2-6 hr) or at specified changes in stage 
level at a specific location along the stream (Wigington et al., 1996a,b). High stream 
flow at all 13 sites was accompanied by decreased ANC and pH. The streams with the 
5 
highest initial ANC consistently had the greatest change in ANC and the highest 
minimum ANC values. The mechanisms responsible for decreased ANC varied among 
and within the watershed regions as well as among seasons. Decreases in base cations 
coupled with increases of dissolved organic acids and acid anions (NO3" and SO4 ") 
during high flow events were typically the main contributors to ANC depression. The 
most consistent contributions to ANC depression in the Adirondack Mountains were base 
cation decreases and organic acid increases. The Adirondack Mountains had the highest 
organic acid concentrations of the three watersheds. Nitrate contributed slightly less than 
organic acid to acidification in the Adirondack Mountains and had a strong seasonal 
pattern. Declining ANC in the Catskill Mountains typically was a result of base cation 
decreases, and increases of organic acid and NO3". Nitrate in the Catskill Mountains also 
exhibited a seasonal pattern with greater concentrations in winter and early spring. 
Sulfate decreased during episodes. Decreases in ANC in the Pennsylvania watershed 
resulted from decreasing base cations and increasing SO42". Organic acids were less 
important in the Pennsylvania streams than in the Adirondack Mountains and Catskill 
Mountains. The contribution of major ions to acidification during episodes depended on 
the magnitude of the event. Major episodes were generally more affected by N03", SO42", 
and less affected by base cation decreases. Several conclusions were presented: (1) Base 
cation concentrations reflect changes in flow path (deep to shallow subsurface flow). (2) 
Estimating organic acid contribution is important to understanding causes of episodic 
acidification. (3) Nitrate concentrations in the stream may be a result of processes in 
forest vegetation and soils rather than atmospheric deposition. The Pennsylvanian 
streams had the highest N deposition but the lowest concentration of NO3" in the stream. 
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(4) Sulfate was the most important acid anion, especially in Pennsylvania, which had the 
highest acid anion concentrations in atmospheric deposition. Inorganic monomeric Al 
(Aljm) increased with increasing discharge during acidic episodes. However, the highest 
Aljm concentrations did not necessarily coincide with the lowest ANC and pH. The Al;m-
ANC and Aljm-pH relationships varied among the Pennsylvanian watersheds indicating 
different processes controlling Al. Carline et al. (1992), Van Sickle et al. (1996), and 
Baker et al. (1996) reported the in situ effects of episodic acidification on brook trout 
(Salvelinus fontinalis) and other forage fish species. At low flow, all streams except one 
were suitable (median low-flow pH > 6.0, inorganic Al < 60 fxg/L) for fish survival 
(Baker et al., 1996). The bioassay experiments were conducted in the spring and fall, 
coinciding with fall rain and spring snowmelt events. During high flow events when 
stream chemistry was changing, the bioassays were checked daily to monitor the number 
offish that were dead or visibly stressed. Fish mortality in the bioassays was associated 
with increased Aljm at high flow. Although the streams are adequate fish habitats at base 
flow conditions, the high flow acidic events were toxic. Baker et al. (1996) concluded 
that fish communities experience long-term effects from episodic acidification. 
Kahl et al. (1992) monitored acidic episodes (ANC decline of >50% or ANC <0) 
in 10 low order streams in four watersheds in Maine. Samples were collected at one 
location from each stream manually or using automated sampling equipment (Heath et 
al., 1992). ANC and pH declined with increasing flow at all watersheds. Five 
mechanisms were identified as possibly contributing to depressed ANC: (1) Dilution of 
base cations by snowmelt or rainwater. (2) Increased mobilization of SO42" that is stored 
in the soils during dry periods. Sulfate generally declined or stayed constant during 
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episodes except during the transition from dry summer to wet fall. (3) Addition of NO3" 
during vegetation-dormant seasons. (4) Increased dissolved organic acid resulting from 
shallow flow paths, and (5) loading of marine-derived ions on the watershed. The sea-
salt additions enhance ion exchange in the soils, causing increased acidity. The 
contribution of each mechanism to depressed ANC varied among watersheds and among 
episodes, as seen in the ERP. 
The Bear Brook Watershed in Maine (BBWM) was one of the four watersheds 
included in the Kahl et al. (1992) study of mechanisms of episodic acidification. The 
BBWM is a paired watershed with adjacent catchments, West Bear and East Bear. West 
Bear has been artificially acidified with bi-monthly additions of (NH^SC^ since 1989 as 
a watershed manipulation experiment (Fernandez et al., 2003). East Bear is the untreated 
reference. The BBWM catchments are characterized by acidic soils with low base 
saturation and cation exchange capacity making the watersheds vulnerable to episodic 
acidification (Norton et al., 1999). Multiple acidic episodes have been sampled at 
BBWM (David et al., 1992; Roy et al., 1999; Reinhardt et al., 2004). Roy et al. (1999) 
sampled two events at East and West Bear Brooks during 1995 to evaluate Al, iron (Fe), 
and phosphorus (P) dynamics. Samples were collected simultaneously at two-hour 
intervals during high flow events at a single location in both watersheds. Roy et al. 
hypothesized that Al and Fe may be important in the mobilization of P. Phosphorus is 
important because it is a key component in understanding the trophic status of surface 
water. Both West and East Bear Brook experienced episodic acidification during the 
1995 events. Acidification of West Bear Brook (pH 5.14 to 4.75) resulted from a 50% 
increase in SO42" due to the experimental additions of (NFLt^SC^ and a 100% increase in 
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NCV from elevated nitrification also caused by (NH4)2S04. Base cations at West Bear 
also increased from enhanced ion exchange caused by the manipulation experiment but 
not enough to buffer the acid anion increases. East Bear acidification (pH 5.63 to 5.08) 
resulted primarily from a decrease in base cations. Sulfate decreased as East Bear 
acidified. Dissolved and acid-soluble particulate Al increased with flow, as did 
particulate P, in both catchments. Dissolved P and Fe remained low, although particulate 
Fe increased with flow at West Bear. Roy hypothesized that P export may be controlled 
by adsorption or coprecipitation with Al and Fe-hydroxide export. These hydroxides 
may result from leaching of Al and Fe from forest soils or from stream sediment during 
high flow and precipitation in the stream. 
Reinhardt et al. (2004) sampled high discharge snowmelt events at BBWM during 
2001-2002 using a similar sample collection method as Roy et al. (1999) to evaluate Al, 
Fe, and P dynamics. Export of Al, Fe, and P was greater at West Bear than East Bear due 
to the experimental manipulation. The snowmelt event mobilized Al and Fe from the soil 
to the stream and dissolved Al was inversely related to pH. Particulate Al and Fe were 
associated with total P during the high flow event. Reinhardt et al. concluded that 
particulate Al, Fe, and P are chemically linked during high flow events. 
Northern Swedish streams have been the focus of much research on episodic 
acidification (Bishop et al., 2000; Laudon et al., 2000; Hruska et al., 2001; Cory et al., 
2006). Laudon et al. (2000) investigated pH decline during high flow events to delineate 
the anthropogenic and natural components driving episodic acidification. This temporal 
study included 600 stream samples collected during spring melt from 12 streams from 
1997-1998. Anthropogenic factors (S04 \ N03") were typically not as important as 
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natural factors during acidic episodes. Sulfate generally decreased with increasing spring 
melt and NO3" was below detection limits. Only 3 of 22 acidic events were significantly 
influenced by anthropogenic sources. Total organic carbon (TOC) and total Al increased 
with discharge. Natural organic acids contributed over 75% of the acidity at minimum 
pH. Dilution of base cations was less important in pH decline. 
Temporal sampling has shown that episodic acidification does occur, even in 
streams that are not chronically acidic. The research discussed above indicates that a 
variety of terrestrial and in-stream mechanisms contribute to episodic acidification. 
Some of those mechanisms are: (1) Dilution by shallow soil water during increased flow, 
(2) Addition of acid anions (SO42" and NO3) relative to base cations, (3) Increased 
concentration of organic acid and (4) Loading of marine-derived salts. Declines in ANC 
and pH during high flow can result in increased Al, which is toxic to aquatic organisms 
and can cause long-term effects on fish communities (Baker et al., 1996). Also, increased 
Al and Fe during high flow may bind and remove bioavailable P from surface water (Roy 
et al., 1999; Kopacek et al., 2000; Ulrich and Pothig, 2000; Reinhardt et al., 2004). 
Spatial Studies 
Most research on mechanisms responsible for, and resulting from, episodic 
acidification has focused on temporal change. However, the spatial component is also 
important in understanding biogeochemical processes in catchments and streams. Stream 
chemistry evolves as water moves downstream, because of changes in vegetation, 
groundwater input, and degassing of carbon dioxide (CO2). Large-scale studies consider 
large drainage basins with multiple tributaries that are sampled to consider the overall 
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contributions to a major river or stream. Small-scale studies consider the evolution of 
stream chemistry along the thread of one draining stream. 
Larfie-scale studies 
To quantify the variability of trace metals during a high flow event, Sherrel and 
Ross (1999) added a spatial component to their research by sampling six tributaries in the 
drainage basin of the Mullica River in New Jersey Pinelands, USA. Temporal data at 
individual sites indicated that concentrations of trace metals are positively correlated with 
discharge. Trace metal concentrations were not a result of decreasing pH, with the 
exception of lead (Pb). The trace metals may result from high flow flushing of shallow 
metal-rich groundwater. Atmospheric to riverine flux ratios indicate that cadmium (Cd), 
copper (Cu), lead (Pb), and zinc (Zn) may be primarily derived from atmospheric 
deposition instead of weathering. High concentrations Cd, Pb, and Zn in streams are 
possibly due to loss of stored metals in the soils, originally deposited from anthropogenic 
inputs attributed to the 20th century. Simultaneously acquired samples of all the tributary 
sites indicated decreasing Al, Zn, P, and NO3" downstream. Sherrel and Ross (1999) 
attribute the decreasing spatial trend of P and NO3" to removal by biological activity. 
Wetlands in the study area are proposed to reduce SO42", causing elevated alkalinity, 
which favors Al precipitation. The wetlands may also remove other metals. 
Hruska et al. (2001) and Cory et al. (2006) incorporated a spatial dimension into 
episodic acidification research in northern Sweden by sampling multiple tributaries in the 
Svartberget and Krycklan catchments, respectively. Hruska et al. (2001) was particularly 
interested in the acid/base character of organic acids during spring snowmelt. Five 
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sampling sites were located in the Svartberget catchment, one site at the catchment outlet 
and four others in subcatchments draining into the main channel. Hruska noted that 
temporal and spatial variation in flow paths, pH, total organic carbon (TOC), and organic 
acid concentrations occurred at and among the sampling sites. Decreases in TOC in the 
northern most tributary were attributed to dilution by snowmelt. The southern tributary 
had the opposite trend with increasing TOC from expanding flow into near-stream peats. 
Total Al concentrations correlated with TOC, not pH. Total Al and TOC related to flow 
paths. 
Cory et al. (2006) sampled fourteen subcatchments in the Krycklan river 
catchment in Sweden to study landscape control on the spatial variability of Al during a 
high flow spring snowmelt. Cory found that speciation of Al at all sites was dominated 
by the organically-bound fraction. The percentage of wetland coverage related to the 
concentration of total Al and DOC. Aluminum, DOC, and pH all were affected by the 
landscape characteristics. Landscape with a high percentage of wetlands (> 40%) had the 
highest DOC and generally the lowest pH. Total Al was lower in areas with a high 
percentage of wetlands due to accumulation of organic matter and lack of contact of 
water with mineral soils. Cory concluded that the land cover of the headwaters is an 
important control on the downstream Al concentrations and the Al-toxicity to fish 
populations. 
Small-scale studies 
Longitudinal studies are important for understanding terrestrial and in-stream 
processes affecting stream chemistry evolution. Typically, longitudinal studies are used 
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to evaluate the influence of elevation and downstream neutralization on pH, Al, DOC, 
metals, and acid anions (Vesely et al., 1985; Driscoll et al., 1987a; Hinton et al., 1998; 
Lawrence et al., 2000). Longitudinal studies are generally based on seasonal (monthly) 
sampling (Driscoll et al., 1987b; Lawrence and Driscoll, 1990; Fitzhugh et al., 1999; 
Lawrence et al., 1999). 
Hubbard Brook Experimental Forest, New Hampshire has been the site of several 
longitudinal studies (Lawrence et al., 1986; Lawrence and Driscoll, 1990; Likens and 
Buso, 2006). Lawrence et al. (1986) is briefly mentioned in NAPAP SOS/T Report 12 
but is relevant to this thesis so the research is presented here. Two streams in Hubbard 
Brook Experimental Forest were sampled along an elevational transect to observe spatial 
variation in Al chemistry. Stream water samples were collected monthly for 12 months. 
Decreasing elevation was linked with increasing pH, decreasing total, dissolved and acid 
soluble Al, decreasing SO42", and decreasing DOC. The high elevation sites had the 
greatest organically-bound Al and DOC which result from shallow soils and dominantly 
spruce-fir vegetation. The mid-elevation sampling sites are located in dominantly 
hardwoods with some pockets of spruce-fir. The soils are also thicker as elevation 
decreases. Mid-elevation chemistry is represented by lower dissolved Al due to a 
decrease in organically-bound Al, and inorganic Al becomes the dominant fraction, 
possibly due to the change in vegetation and soils. Dilution is not discussed as a possible 
cause of decreased dissolved Al. The composition and rate of decomposition of 
hardwood litter might limit DOC production and influence speciation of Al. Hardwood 
and thicker soils characterize the lower area of the watershed. Base cations increased at 
the lower sites indicating higher inputs from weathering or ion exchange. 
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Shultz et al. (1993) conducted a longitudinal study at a stream, Coxing Kill, in 
southeastern New York. Aluminum chemistry was assessed at nine sites along an 
elevational transect and compared to similar Al research at Hubbard Brook (e.g. 
Lawrence et al., 1986). At Coxing Kill, pH increased downstream as total dissolved Al 
and inorganic Al decreased. Organic Al also decreased downstream but to a lesser extent 
than inorganic Al, causing the organic-inorganic Al ratio to increase. Increases in pH 
were accompanied by increases in strong acid anions, base cations, and silica (Si). The 
mid-elevation sampling site showed a marked change in stream chemistry with CI" 
surpassing SO42" as the dominant anion at the lower sites and a sudden increase in all base 
cations. These changes in stream chemistry are attributed to soil and geologic 
characteristics. 
Yellow Creek on the Appalachian Plateau in West Virginia has been subjected to 
longitudinal and temporal research (Fitzhugh et al., 1999). They sampled six sites 
spanning 280 meters from June 1994 to March 1995. June through October (the growing 
season) was characterized by low H , SO4 ", and inorganic Al, which increased briefly in 
November and decreased in winter. Protons and ionic Al followed SO4 " during the 
growing season. Retention of SO4 " in the soils due to microbial activity decreased H 
and limited leaching of charged Al. Nitrate increased above detection limits in winter 
months and DOC and organic Al were lowest during autumn. Decreasing elevation was 
characterized by declining H , SO4 ", DOC and organic Al due to changes in vegetation 
and consumption of SO42" by wetlands. Sulfate was lower at the mid-elevation site after 
passing through a wetlands area. Organic Al was strongly correlated with DOC for all 
samples. Base cations did not show any longitudinal trends. 
14 
Research on episodic acidification that includes both temporal and spatial aspects 
is limited. Studies that do include a spatial component generally are large-scale projects 
with numerous sampling sites on major river catchments. To accurately understand 
terrestrial and in-stream biogeochemical processes affecting stream chemistry, more 
focus needs to be placed on temporal and spatial changes in the form of longitudinal 
studies on first and second-order streams. 
Objectives 
This research is part of a project studying controls on the trophic status of 
oligotrophic waters. Of particular interest are the relationships among Al, Fe, and P. 
Streams transport Al, Fe, and P from soil and groundwater to lakes and sediment storage. 
The goal of my research is to conduct a longitudinal study of chemistry through three 
stream systems during high flow acidic episodes. Soils are being studied concurrently by 
I. J. Fernandez and the study streams have also been experimentally acidified by Goss et 
al. (in review). 
This thesis combines temporal and spatial components of terrestrial and in-stream 
biogeochemical processes during an acidic episode at three watersheds. Particular 
emphasis is placed on the terrestrial mechanisms responsible for episodic acidification, 
and the dynamics of Al, P, and Fe through the stream system. A field sampling protocol 
was developed and implemented to maximize data quality. Chapter 2 explains the 
research design and methods. Results and discussion of each study site are in Chapter 3. 
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Chapter 2 
RESEARCH DESIGN 
Site Selection 
Three watersheds (Table 2.1) were selected based on soil type, pH of the draining 
stream, and pre-existing chemistry data. The southernmost watershed, Fernow 
Experimental Forest Watershed 3 (Fernow WS3), is located in pre-glacial (Wisconsinan) 
soils near Parsons, West Virginia (Kochenderfer, 2006). The other two sites, East Bear 
Brook (Norton et al., 1999) and Hadlock Brook (Kahl et al., in press), are in eastern 
Maine on post-Wisconsinan glaciated terrain. 
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Table 2.1. Watershed characteristics for East Bear Brook and Hadlock Brook, Maine, and Fernow 
Virginia, USA. 
Site 
Location 
Province 
Latitude, Longitude 
Catchment area (km2) 
Average slope 
Bedrock 
Soils 
Vegetation 
Monitoring 
Gauge elevation (m) 
Maximum watershed 
elevation (m) 
Paired watershed 
studies 
Mean annual 
temperature (°C) 
Mean annual wet 
deposition (m) 
Data Source 
East Bear Brook 
Maine, USA 
GMO Renewable Resources, Inc. Hancock 
County 
44°52'N,68°06'W 
0.107 
-31% 
Higher elevation underlain by mcta-pclitcs 
and quartzites. Lower elevation is calc-
silicate peiss with granitic dikes. 
Average soil thickness is 0.9m, developed 
from stony lodgement till, Dominantly 
Haplorthods (Tunbridge and Rawsonville). 
Soils are typically acidic with low base 
saturation and cation exchange capacity, 
Lower elevation mainly hardwood (beech, 
birch, and maple), and higher elevation 
mainly softwoods (spruce, fir, and 
hemlock). 
USGS 01022294, 120" V-notch weir* 
276* 
475 
EBB is the reference catchment in a paired 
watershed (East and West Bear Brook), 
with West Bear Brook artificially acidified 
bimonthly since 1989. 
4.9 
1.4 (marine influence) 
Fernandez et al, 2003, Norton et al. 1999 
Hadlock Brook 
Maine. USA 
Acadia National Park, U.S. National 
Park Service, Hancock County 
44°19'54"N,68016'47.5"W 
0.472* 
-21% 
Devonian age Cadillac Granite 
Soils are dominantly thin (<0.5m) 
Spodosols (Schoodic and Lyman) 
developed from granite and till. 
There are also areas of exposed 
bedrock, 
Watershed is 70% spruce-fir forest 
(Red spruce. Balsam fir, White 
spruce). The summit is dominantly 
shrubland and woodland bogs. 
USGS 01022860* 
174* 
380 
None 
„_7 5*** 
1.37 (marine influence) 
Kahl et al., in press 
Fernow Watershed 
West Virginia, USA 
Fernow Experimenta 
Tucker County 
39°3'15"N, 79°41'15 
0.343* 
-20% 
Fractured, non-calcar 
and shales of the Ham 
Calvin channery silt l 
soil type. Typically < 
Mixed hardwoods, do 
maple and Black birc 
35 years. 
USDA gage, 120° V-
735 
860 
FW3 has been artifici 
times annually) since 
adjacent Fernow Wat 
reference watershed. 
8.8** 
1.43 (continental influ 
Edwards et al., 2002a 
*United States Geological Survey National Water Information Systems website, http://waterdata.usgs.gov/nwis 
**USDA Forest Sen'ice website, http://fs.fed.us/ne/parsons/fejhome.htm 
***National Park Sen'ice Acadia National Park website, http://nps.gov/acad/index.htm 
Stream chemistry is influenced by aerosol sources, precipitation quality and 
amount, forest vegetation and history, soil development, bedrock, and climate. These 
characteristics determine the ability of the stream system to buffer natural episodic 
acidification caused by precipitation or snowmelt events. Two of the sites have been 
subject to paired watershed artificial acidification projects for over a decade. Bear Brook 
(Maine, USA) is a paired watershed study with adjacent catchments, West Bear Brook 
and East Bear Brook. West Bear Brook has been artificially acidified with bi-monthly 
additions of (NH4)2S04 since 1989 (Fernandez et al., 2003). East Bear Brook is the 
untreated reference. Fernow WS3 has been artificially acidified since 1989 
(Kochenderfer, 2006) with (NH^SC^ three times annually as part of a similar paired 
watershed study. The untreated reference is the adjacent catchment, Watershed 4. 
Table 2.2. Average volume-weighted chemistry East Bear Brook, Maine, USA (personal 
communication, Stephen Norton). 
Water Year 
pH 
ANC (neq/L) 
Ca (jieq/L) 
Mg (neq/L) 
K (neq/L) 
Na (fteq/L) 
NH4 (neq/L) 
CI (neq/L) 
N03 (|ieq/L) 
S04 (neq/L) 
11/1989-10/1990 
5.52 
4.19 
71.61 
25.81 
5.81 
69.35 
1.32 
58.11 
17.26 
95.66 
11/1995-10/1996 
5.48 
0.76 
63.64 
22.73 
4.70 
74.70 
0.30 
63.79 
1.97 
88.94 
11/2001-10/2002 
5.58 
4.44 
52.22 
20.56 
4.07 
76.11 
0.19 
63.70 
0.74 
81.48 
11/2002-10/2003 
5.52 
3.16 
50.66 
20.53 
4.34 
79.74 
0.79 
71.58 
1.05 
80.92 
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Table 2.3. Average volume-weighted chemistry for Fernow Experimental Forest 
Watershed 3, West Virginia, USA (personal communication, Frederica Wood). 
Water Year 
pH 
Ca (ueq/L) 
Mg (ueq/L) 
K (neq/L) 
Na (ueq/L) 
NH4 (ueq/L) 
CI (ueq/L) 
N03 (ueq/L) 
S04 (ueq/L) 
5/1986-4/1987 
6.07 
54.77 
52.09 
18.19 
18.62 
-
-
45.32 
72.33 
5/1987-4/1988 
5.93 
54.34 
49.31 
19.59 
16.31 
-
-
45.54 
69.24 
5/1988-4/1989 
6.05 
59.40 
50.32 
17.64 
15.39 
0.04 
7.63 
41.14 
78.80 
5/2004-4/2005 
5.39 
126.89 
99.52 
26.21 
18.31 
0.00 
23.10 
144.38 
137.15 
Table 2.4. Average volume-weighted chemistry for Hadlock Brook, Acadia National 
Park, Maine, USA. Numbers in parentheses are sea-salt corrected (personal 
communication, Sarah Nelson). 
Equilibrated pH 
ANC (ueq/L) 
Ca (ueq/L) 
Mg (ueq/L) 
K (ueq/L) 
Na (ueq/L) 
Al (umoles/L) 
NH4 (ueq/L) 
Si (umoles/L) 
DOC (umoles/L) 
CI (ueq/L) 
N03 (ueq/L) 
S04 (ueq/L) 
1999 
5.48 
5 
2000 
5.45 
4.7 
2001 
5.51 
6.3 
2002 
5.18 
-0.4 
2003 
5.54 
6.7 
62.9 (55.9) 60.7 (53.9) 46.5 (41.8) 45.8 (40.4) 47.3 (43.0) 
32.7 (-3.7) 
7 (3.5) 
185(24.1) 
6.9 
0.7 
88 
256 
187 
5.1 
97.2 (77.9) 
36.7(1.4) 
6.7 (3.2) 
183 (26.7) 
10 
2.8 
78 
323 
182 
7.5 
29.6 (5.4) 
4.7 (2.4) 
145 (38.0) 
9.2 
1.3 
62 
302 
124 
5.9 
31.9(4.3) 
7.5 (4.8) 
148 (25.9) 
11 
0.8 
65 
372 
142 
9.3 
95.0 (76.2) 84.7 (71.9) 78.9 (64.3) 
26.7 (4.6) 
5.7(3.5) 
128 (29.8) 
11 
1.7 
83 
415 
127 
2.1 
73.1 (60.0) 
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Experimental Design 
Event selection was based on storm track forecast and predicted precipitation 
accumulation from the National Oceanic and Atmospheric Administration's National 
Weather Service (NOAA). The discharge needed for an acceptable high flow episode at 
East Bear Brook and Hadlock Brook was based on median daily flow statistics recorded 
by the United States Geological Survey (USGS) for a period of 17 and 6 years 
respectively (http://waterdata.usgs.gov/nwis/rt). It was difficult to determine what would 
be considered a "high flow" event and if a certain storm would produce the amount of 
precipitation needed to cause a significant increase in discharge. The discharge for the 
high flow event at Fernow WS3 was determined by communications with United States 
Department of Agriculture Forest Service, Northeastern Research Station employees who 
maintained the monitoring gauge at the Fernow WS3 weir. Discharge is reported in 
centimeters of runoff per hour (cm/h) which is discharge divided by the area of the 
catchment to facilitate better comparison of event discharge among the research sites 
(Table 2.5). 
One high flow episode was sampled at East Bear Brook and Hadlock Brook. Two 
episodes were sampled for Fernow WS3. The first event for Fernow WS3 was sampled 
July 15-16, 2005, but only saw a very small increase in discharge (0.001 to 0.002 cm/h). 
This thesis focuses on the second event that was sampled December 29-30, 2005 and 
increased from 0.003 to 0.033 cm/h. The increase in discharge for the second event at 
Fernow WS3 differed from the other sampled episode in that it was due mainly to snow 
melt. 
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Table 2.5. Sample collection and discharge for the hydrologic episode at each watershed. 
Watershed 
East Bear Brook 
Hadlock Brook 
Fernow WS3 
Sample 
Sequence 
0 
1 
2 
3 
Peak flow 
4 
0 
Peak flow -
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
Peak Flow 
7 
8 
Date 
10/7/2005 
10/8/2005 
10/8/2005 
10/8/2005 
10/8/2005 
10/9/2005 
11/9/2005 
I 11/10/2005 
11/10/2005 
11/10/2005 
11/10/2005 
11/10/2005 
11/11/2005 
12/15/2005 
12/29/2005 
12/29/2005 
12/29/2005 
12/29/2005 
12/29/2005 
12/29/2005 
12/30/2005 
12/30/2005 
Discharge/Area 
Collection Discharge 
Time 
5:37 PM 
9:24 AM 
10:22 AM 
3:15 PM 
-
9:20 AM 
9:50-11:00 AM 
7:00-7:30 AM 
8:30 AM 
9:32 AM 
11:00 AM 
1:00 PM 
1:30-2:30 PM 
9:30 AM 
6:00 AM 
8:00 AM 
10:30 AM 
1:30 PM 
3:30 PM 
-
6:00 AM 
8:30 AM 
(cfs) 
0.00 
0.69 
1.02 
3.93 
4.40 
0.85 
0.20 
11.00 
7.00 
5.50 
4.00 
3.40 
0.80 
0.11 
0.60 
0.67 
0.76 
0.89 
1.08 
1.12 
0.95 
0.89 
(cm of runoff 
per hour) 
0.000 
0.066 
0.097 
0.374 
0.419 
0.081 
0.004 
0.238 
0.151 
0.119 
0.086 
0.073 
0.017 
0.003 
0.018 
0.020 
0.023 
0.027 
0.032 
0.033 
0.028 
0.026 
Water 
Temperature 
(USGS 
monitoring 
location) 
-
13.9 
13.8 
12.7 
-
11.2 
3.8 
7.6 
7.5 
7.3 
7.2 
7.1 
4.8 
no data 
-
-
-
-
-
-
-
-
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At least three sampling locations were situated along each stream (Table 2.6). 
The lowest sampling site (A) was just above the weir stations at East Bear Brook and 
Fernow WS3. At Hadlock Brook the lowest sampling site (A) was located just above the 
confluence of Hadlock Brook and Maple Spring. The uppermost sampling site (C) was 
located in the headwaters for each stream. The third sampling location (B) was midway 
between the highest and lowest elevation sampling locations. East Bear Brook had a 
fourth sampling location (D) that was higher in the headwaters, and only sampled twice, 
when flow was near maximum at the lowest site. 
Table 2.6. Sampling site elevation for each watershed. 
Watershed 
East Bear Brook 
Hadlock Brook 
Fernow WS3 
Sample Site 
A (weir) 
B 
C 
D 
A 
B 
C 
A (weir) 
B 
C 
Elevation (m) 
291.6 
316.1 
324.3 
325.8 
99.4 
175.0 
278.3 
783.6 
783.6 
802.2 
*Elevation recorded by handheld Garmin etrex 
venture. 
A base flow sample is used as a comparison for the higher discharge samples. A 
base flow (low flow) stream sample was collected at each study site less than 24 hours 
before the onset of the high flow episode, except at Fernow WS3. Samples were then 
collected periodically through the hydrograph (Table 2.5). 
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Sampling Protocol 
Sample Containers 
A collection protocol was developed and implemented to maximize sample 
integrity and data quality. Six different sample aliquots were collected for: (1) Anions, air 
equilibrated pH, DOC, NH/ , and ANC, (2) Total metals, (3) Dissolved major and trace 
metals, (4) Organically-bound Al and Fe, (5) Dissolved inorganic carbon (DIC), and (6) 
Closed cell pH. Table 2.7 shows the characteristics of the bottles and syringes used for 
sample collection and pre-sample cleaning used for each sample container. 
Table 2.7. Sample containers and pre-sampling treatment 
Sample 
Type 
1 
2 
3 
4 
5 
6 
Analytes 
anions, 
equilibrated 
pH, ANC, 
DOC, NH4 
total metals 
dissolved 
major and 
trace metals 
dissolved 
organically-
bound Al and 
Fe 
DIC 
closed cell pH 
Container 
500 ml high-density 
polyethylene 
(HDPE) Nalgene 
60 ml low-density 
polyethylene (LDPE) 
Nalgene 
60 ml LDPE bottle 
60 ml polypropylene 
(PP) bottle 
60 ml plastic syringe 
60 ml plastic syringe 
with non-latex 
rubber plunger 
Pre-sampling treatment 
Fill with 10% redistilled HC1, 
soak 24 hours, rinse 3 times with 
hot tap water, 3 times reverse 
osmosis (RO) water, four times 
with deionized water. 
Same as sample type #1 
Same as sample type #1 
Fill with 2-3% reagent grade 
HN03, soak 24 hours, rinse 3 
times with deionized water and 
soak 24 hours, triple-rinse a 
second time in deionized water. 
Same as sample #4 
Same as sample #1 
Pre-sampling storage 
Seal and store partly filled 
with deionized water. 
Remove DI water 
immediately before 
sample collection 
Same as sample #1 
Same as sample #2 
Same as sample #3 
Same as sample #4 
Same as sample #5 
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Field Sampling 
Each sampling event consisted of collecting the six-sample types in numerical 
order (Table 2.8). The sampling generally took 10 to 15 minutes. Sites were sampled 
concurrently. 
Table 2.8. Field sampling steps 
Sample 
Type 
1 
2 
3 
4 
5 
6 
Analytes 
anions, 
equilibrated 
pH, ANC, 
DOC, NH4 
total metals 
dissolved 
major and 
trace metals 
dissolved 
organically-
bound Al and 
Fe 
DIC 
closed cell pH 
Stepl 
Pre-Sample Preparation 
Discard deionized water just 
before sample collection. 
Rinse cap and bottle three 
times with stream water. 
Discard deionized water just 
before sample collection. 
Rinse cap and bottle three 
times with stream water. 
Discard deionized water just 
before sample collection. 
Extrude the deionized water in 
the syringe for sample #5 
through the ion exchange 
column. Rinse syringe #5 
three times with stream water. 
Fill syringe #5, no need to 
rinse it again. Expel any air in 
the syringe. Attach a new 
0.45 nm polypropylene filter 
to the syringe. Connect the 
syringe and filter to the ion 
exchange column and expel 10 
ml of sample through the 
column to rinse. 
No need to rinse this syringe 
again. (This syringe is used to 
fill samples 3 and 4 
beforehand) 
Discard deionized water just 
before sample collection. 
Rinse syringe three times with 
stream water. 
Step 2 
Sample Collection 
Submerge bottle and fill 
to shoulder of the bottle. 
Submerge bottle and fill 
to shoulder of the bottle. 
Fill syringe #5 with 
stream water. Expel any 
air in the syringe. Attach 
a new 0.45 um 
polypropylene filter to 
the syringe. Extrude the 
sample through the filter 
into the bottle. 
Put sample bottle under 
ion exchange column 
(don't let it touch). Expel 
the remaining 50 ml of 
water through the ion 
exchange column into 
the bottle. 
Fill syringe and expel 
any air. 
Fill syringe and expel 
any air. 
Step 3 
Sample Preservation 
Cap bottle and keep 
sample cold. 
Immediately acidify with 
3 drops of 10% 
redistilled grade HN03 
and seal. 
Immediately acidify with 
3 drops of 10% 
redistilled grade HN03 
and seal. 
Immediately acidify with 
3 drops of 10% 
redistilled grade HN03 
and seal. 
Cap syringe and keep 
sample cold. 
Cap syringe and keep 
sample cold. 
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Sample types 2, 3, and 4 were acidified in the field with three drops of HNO3, to 
retain metals in the sample before analysis. The dissolved metals sample (#3) was 
collected first with the syringe used for sample #5 and filtered through a 0.45 urn 
polypropylene filter to remove particulates and then acidified. Goss (2006) collected 
dissolved metal samples at Hadlock Brook using 0.45 um polypropylene filters and 0.2 
um filters for comparison. There was <3% difference between the 0.2 um and 0.45 um 
dissolved samples, and the 0.2 um samples typically were more contaminated (Appendix 
B). Organic Al (sample #4) was also collected with the #5 syringe, filtered, extruded 
through an ion exchange column, and then acidified. The ion exchange column resin was 
recharged every four samples with 10 ml of regenerant solution (0.008% HC1, 0.575 g 
NaCl/L). Lindsey and Wilson (2005) determined that the exchange capacity of the 
columns is at least 600 ug of charged aluminum, with no deterioration in behavior 
(Appendix C). Recharging after every four samples assured the quality of the data. 
Samples that were not acidified (#1, #5, #6) were placed in a cooler until 
delivered to the laboratory. All samples were transported to the laboratory less than 24 
hours after collection except samples from Fernow WS3, which were shipped overnight 
(FEDEX) in coolers and received less than 48 hours after collection. Maximum holding 
times for the analytes (Table 2.9) are based on the United States Environmental 
Protection Agency (EPA) quality assurance plan for the Environmental Monitoring and 
Assessment Program (EMAP) (Peck, 1992) 
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Table 2.9. United States EPA holding times based on EMAP 
Analyte 
pH (closed cell) 
pH (equilibrated) 
ANC 
DIC (closed system) 
DOC 
N03 
CI 
S04 
NH4 
P 
Si 
Base Cations, Al, Fe, Mn, Zn 
Trace Metals 
Holding Time 
3 days 
7 days 
14 days 
3 days 
14 days 
7 days 
28 days 
28 days 
28 days 
28 days 
28 days 
6 months 
6 months 
All samples were analyzed within their maximum holding time at the Sawyer 
Environmental Chemistry Research Laboratory at the University of Maine. The 500 ml 
bottles and syringe samples (#1, 5, and 6) that were not acidified in the field were kept 
cool until arrival at the laboratory and then stored at 4°C until analysis. Samples #2, 3, 
and 4 were stored at room temperature until analysis. 
Laboratory Methods 
The same analytes were measured for all three watersheds and the same analytical 
methods were used for all the samples, enabling comparison among the sites. 
Analytes 
pH and ANC 
Closed cell pH samples (#6) were inserted directly online into an Orion 8104 
Ross Combination pH electrode. Two buffer solutions at pH 4 and 7 were used to 
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calibrate the electrode before each analytical run. A calibration curve was constructed 
and the slope checked to make sure it fell in the 98-102%) range. If not, the electrode was 
recalibrated. Another pH 7 buffer and pH 6 buffer were used to verify the calibration. 
During the analysis, every 10 samples were followed by a standard solution of pH 4. 
Closed cell pH was measured six times on each syringe using 10 ml of sample for each 
measurement. The six pH measurements were then numerically averaged for each 
sample. If the syringe had less than 60 ml, closed cell pH was measured in 10 ml 
increments until the sample was depleted and the measurements were averaged. Closed 
cell pH values using fewer than six measurements are noted in water chemistry data in 
Appendix A. 
Equilibrated pH was determined using an aliquot from the 500 ml bottle (#1). 
The aliquot was allowed to warm to room temperature and then equilibrated with air 
containing 300 ppm carbon dioxide (CO2) for two minutes. Analysis was with a 
Radiometer combination pH electrode (model GK273920B) calibrated with pH 4 and pH 
7 buffers before analysis. A calibration curve was constructed and the slope checked to 
make sure it fell in the 98-102% range. If not, the electrode was recalibrated. A standard 
solution and blanks of deionized water were used before each analytical run. During 
analysis, deionized water was run after every seven samples. A standard solution and a 
laboratory replicate were also used as a check after every 14 samples. 
Acid neutralizing capacity (ANC) was also determined from the 500 ml bottle by 
titration (50 ml aliquot with 0.02 N sulfuric acid) using a Radiometer Titration Manager. 
Multiple point titration with the GRAN function was used to calculate ANC. Two buffer 
solutions at pH 4 and 7 were used to calibrate the electrode. A calibration curve was 
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constructed and the slope checked to make sure it fell in the 98-102% range. If not, the 
electrode was recalibrated. The calibration was checked using a pH 7 buffer, a standard 
acid, deionized water, and a standard of pH 6. Laboratory standards with known ANC 
concentrations of 20, 40, 80, and 200 ueq/L were also measured. During analysis, 
deionized water was run after every seven samples. A standard solution and a laboratory 
replicate were also used as a check after every 14 samples. 
PIC and DOC 
DIC was equated to total inorganic carbon (TIC), which was determined from 
syringe sample (#5). The syringe was inserted directly online into an Orion EA920 
Expandable Ion Analyzer. 
DOC was determined from the 500 ml bottle (#1). A 60 ml aliquot was filtered 
through a 0.45 urn polypropylene filter, acidified with five drops of H2SO4, and oxidized 
with persulfate. DOC was measured with an OI Corporation model 1010 Total Organic 
Carbon (TOC) analyzer. 
Prior to calibration for TIC, DIC, and DOC, 10 blanks of deionized water and 10 
blanks of reagent were measured for quality control. For DOC calibration, standards 
ranged from 0.5 to 20 ppm. Every 10 samples were separated by a standard check, 
deionized water blank, and a laboratory sample replicate. 
Anions 
Chloride (CI), N0 3 \ SO4 , and fluoride {¥) were measured from an aliquot from 
the 500 ml bottle (#1). Anions were measured using ion chromatography with a Dionex 
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Model 20101 system coupled with a CD20 conductivity meter, GP50 gradient pump, and 
AS40 autosampler, using PeakNet 5.1 software. Nine standards were used to create 
calibration curves for each anion before the analytical run. The linear regression 
coefficient (r ) had to be >0.99990 for satisfactory calibration. Every 10 samples were 
separated by a spike laboratory blank, a spiked laboratory sample matrix, and deionized 
water blank. 
Ammonium 
Only one sample was analyzed for NH4+ at each watershed due to the low 
concentration (<0.05 mg/L). A Berthelot reaction on the ALPKEM Flow Solution™ IV 
Automated Analyzer was used to measure NH4+. The analyzer was calibrated with one 
laboratory spike and four standard solutions. Each analytical run included deionized 
water blanks. 
Major Cations and Trace Metals 
Two samples (#2, #3) were collected for metals in the field to determine total and 
dissolved metals. The total metals sample (#2) was unfiltered and acidified, and is 
considered to represent dissolved plus acid-soluble particulates. The dissolved metals 
sample (#3) was filtered in the field through a 0.45um filter, and then acidified. 
Dissolved, organically-bound Al and Fe were determined using a third sample that was 
filtered through a 0.45um filter, extruded through an ion exchange column, and then 
acidified in the field. 
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Total and dissolved metals were determined using two instruments. The first 
instrument is a Perkin-Elmer Optima 3300XL inductively coupled plasma atomic 
emission spectrometer (ICP-AES) with axially viewed plasma and a CETAC 
International, Inc. ultrasonic nebulizer. Yttrium (Y), lithium (Li), and rubidium (Rb) 
standards were used for calibration. Calibration was only accepted if the regression 
coefficient was >0.99990. Every 10 samples were followed by a laboratory replicate 
sample. Other analytical checks include a quality control standard, a laboratory spiked 
matrix, a laboratory reagent blank, and a mid-range quality control standard. The ICP-
AES simultaneously measures multiple elements. Analytes measured by the ICP-AES 
were base cations (Ca, Mg, K, Na), Al, beryllium (Be), Fe, manganese (Mn), lead (Pb), 
silicon (Si), and zinc (Zn). Analytical error was ± 5% for base cations and ± 10% for 
other metals. ICP-AES wavelengths are in Table 2.10. 
Table 2.10. ICP-AES wavelengths (nm) 
Analyte 
Al 
Be 
Ca 
Fe 
K 
Mg 
Mn 
Na 
Pb 
Si 
Zn 
sample > 1 mg/L 
396.2 
313.1 
317.9 
238.2 
766.5 
279.1 
257.6 
330.2 
220.4 
251.6 
206.2 
sample < 1 mg/L 
396.8 
280.3 
589.6 
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The second instrument is a Thermo Electron Element2 ICP-MS with an ESI PFA-
ST nebulizer. Calibration was based on five standards that represent the anticipated 
range of concentration for each element. Calibration was accepted if r >0.999. The 
analytical run included laboratory blanks and standards. 
Results of analyses measured by both machines (Al, Be, Ca, Fe, Mn, Zn) were 
compared using linear regression, and slope and intercept values (Appendix E). Total 
metals showed poor correlation between the ICP-AES and the ICP-MS. This could be 
because the total metals samples are filtered before they are analyzed by the ICP-MS, but 
are not filtered before analysis with the ICP-AES. The filtering process used for the ICP-
MS may be removing some particulate matter from the sample. In that case, we may not 
be acidifying the sample low enough in the field (3 drops 10% HNO3 per 60 ml sample; 
pH < 2) to dissolve all the particulates. A second explanation for the lack of correlation 
may be reactions within the sample bottle after collection and before analysis (Table 
2.11). 
Table 2.11. Date of collection and analysis for metals 
RESEARCH SITES 
East Bear Brook, ME 
Hadlock Brook, ME 
Fernow Exp. Forest 
Watershed 3, WV 
Collection 
Date 
10/7-10/10/05 
11/9-11/11/05 
12/29/05 
ICP-AES 
Totals Dissolved 
10/19/05 
11/21/05 
1/23/06 
10/19/05 
11/21/05 
1/23/06 
ICP-MS 
Totals Dissolved 
2/17/06 
2/17/06 
2/17/06 
12/7/05 
12/7/05 
2/17/06 
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Total metals samples were analyzed with the ICP-AES within one month after 
collection. The analysis using the ICP-MS occurred up to four months after collection. 
If holding time is the problem, then the dissolved samples should reflect the lack of 
correlation as well. However, the dissolved samples for all three sites show good 
correlation. The inconsistency between the instruments is only a problem with the total 
metals sample. A third possible explanation for the inconsistent total metals data is that 
the ICP-AES and ICP-MS have different detection limits and ranges for each metal. 
Again, if this were the issue then we should see the same relationship in dissolved 
samples, which we don't. The decision to use ICP-AES data or ICP-MS data for this 
project was based on the concentration of each metal and the detection limit of the 
instruments. For this thesis the ICP-AES analyses for Al, Ca, Fe, and Mn are used. Data 
used from the ICP-MS include Be and P. 
Quality Control 
Replicate samples were collected in the field. For East Bear Brook and Hadlock 
Brook, three replicate samples were collected for each of the six different sample types. 
The replicate samples were collected at the same time as the original sample once, during 
each episode. Field replicate data are included in Appendix D with the percent error. 
The error was typically less than the precision objectives used by the laboratory for all 
analytes (Table 2.12). 
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Table 2.12. Detection limits and precision and accuracy objectives for the Sawyer 
Environmental Chemistry Research Laboratory at the University of Maine (Goss, 2006) 
Method Analyte 
pH electrode 
Carbon analyzer 
Ion Chromatography 
Colorimetry 
Automated analyzer 
ICP-AES 
pH (closed cell) 
Detection 
Limit 
n/a 
pH (equilibrated) n/a 
DIC, DOC 
ANC 
N03 
CI 
F 
S04 
P 
NH4 
Al 
Be 
Ca (396) 
Ca(317) 
Fe 
K 
Mg (280) 
Mg (279) 
Mn 
Na (589) 
Na (330) 
Pb 
Zn 
0.1 mg/L 
n/a 
0.5 ueq/L 
0.8 ueq/L 
0.8 ueq/L 
1.0 ueq/L 
1.0 ug/L 
0.05 mg/L 
0.149 ug/L 
0.012 ug/L 
0.05 mg/L 
3.6 ug/L 
0.19 ug/L 
1.5 ug/L 
0.9 ug/L 
1.7 ug/L 
0.094 ug/L 
0.6 ug/L 
29.9 ug/L 
0.3 ug/L 
0.089 ug/L 
Concentration 
Range 
<5.74 
>5.75 
<5.74 
>5.75 
<2mg/L 
> 2 mg/L 
<10 ueq/L 
> 10 ueq/L 
<20 ueq/L 
> 20 ueq/L 
<20 ueq/L 
> 20 ueq/L 
<20 ueq/L 
> 20 ueq/L 
<20 ueq/L 
> 20 ueq/L 
< 20 ug/L 
>20 jag/L 
<20 ueq/L (0.36 
mg/L) 
> 20 ueq/L (0.36 
mg/L) 
up to 1 Omg/L 
< 1 ug/L 
>lug/L 
< 0.100 mg/L 
>0.100 mg/L 
< 50 ug/L 
>50 ug/L 
< 10 ug/L 
< 50 ug/L 
>50 ug/L 
< 50 ug/L 
>50 ug/L 
< 1000 ug/L 
>1000 ug/L 
all 
< 50 ug/L 
>50 ug/L 
< 1000 ug/L 
>1000 ug/L 
< 10 ug/L 
>10 ug/L 
< 10 ug/L 
>10 ug/L 
Precision 
Objective 
± 0.075 
±0.15 
± 0.075 
±0.15 
±0.1 mg/L 
± 5 % 
± 5 ueq/L 
± 5 % 
± 5 ueq/L 
± 5 % 
± 1.0 ueq/L 
± 5 % 
± 1.0 ueq/L 
± 5 % 
± 1.0 ueq/L 
± 5 % 
± 1.0 ug/L 
± 5 % 
± 0.02 mg/L 
± 5 % 
± 10% 
±0.05 
± 10% 
±0.010 mg/L 
± 10% 
± 10 ug/L 
± 10% 
± 10% 
± 10 ug/L 
± 10% 
± 10 ug/L 
± 10% 
use Mg 280.271 
± 10% 
± 10% 
± 10 ug/L 
± 10% 
use Na 589 
± 10% 
± 1.0 ug/L 
± 10% 
± 1.0 ug/L 
± 10% 
Net Accuracy 
Objective 
± 0.025 
±0.05 
± 0.025 
±0.05 
±0.1 mg/L 
± 5 % 
± 4 ueq/L 
±4% 
± 0.4 ueq/L 
±4% 
±0.8 ueq/L 
±4% 
±0.8 ueq/L 
±4% 
± 0.8 ueq/L 
±4% 
± 0.8 ug/L 
±4% 
± 0.01 mg/L 
±4% 
± 10% 
± 10% 
±0.010 mg/L 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
± 10% 
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Precision and accuracy objectives for the ICP-MS are not as straight forward as 
for the ICP-AES. Analytical error for the ICP-MS samples was calculated using 
laboratory replicates listed in Appendix F. 
The laboratory QC methods included laboratory blanks and replicates, and spiked 
solutions. Laboratory blanks are included in analytical runs at known intervals with the 
collected samples. The blanks are made of reagent grade deionized water. Analysis on 
the blanks should be below the detection limit for all analytes. Laboratory replicates were 
randomly selected samples. For metal analysis on the ICP-AES and ICP-MS the 
laboratory replicates were aliquots of the same field sample. Laboratory replicate values 
were typically within acceptable laboratory limits (5% base cations and 10% for other 
metals). Error bars for analytes are based on the acceptable laboratory limits. 
Metal analysis using the ICP-AES included spiked solutions at pre-determined 
intervals during the analytical run. Spike samples typically had 1 mg/L of each base 
cation and Si, 200 ug/L of Al and Mn, 100 (ig/L of Fe, and 0.4 [xg/L of Be. Spiked 
samples were typically within acceptable laboratory limits (10-15%). 
Quality Assurance 
A charge balance of the major dissolved components (|xeq/L) was used as a 
quality assurance measure of the analytical results. The charge balance ratio was: 
Positive Charge:
 H + C a 2 + > Mg2+> K+ Na+^ N H ^ ^ A 1 ( 0 H )2+ ; A 1(QH) 2 + 
Negative Charge: Off, HC03\ C032", F , C1\ NO/, S042\ 
Al(OH)4\([DOC](mg/L)*4.5(ueq/mg)) 
Dissolved inorganic Al (total dissolved Al minus organically-bound Al) and pH 
were used to calculate Al species. Carbonate species were calculated from DIC and pH. 
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NH4 , CO3 ", and OH" were negligible at all three watersheds. F" was typically at or 
below detection limit (2 jj,eq/L) and was not included in the charge balance except for 
Hadlock Brook and was not included in Al speciation calculations. NO3" was below the 
detection limit (<0.1 ueq/L) for East Bear Brook. 
The contribution of DOC to the charge balance is commonly calculated by the 
anion deficit in the ion balance. The resulting contribution is the sum of the strong and 
weak organic acids. The charge density is considered to be 45% strong organic acids and 
55% weak organic acids (Stumm and Morgan, 1996). I used an average charge density 
of 4.5 |j,eq/mg that is typically used for the DOC contribution to charge balance (Kahl et 
al., 1989) for all species. However, Oliver et al. (1983) determined a humics contribution 
of 10 |j,eq/mg to the overall negative charge. Strong and weak acid contributions of DOC 
that were calculated based on charge balance from data collected from the Eastern Maine 
Rivers, USA (personal communication, Stephen Norton), showed that the strong and 
weak acid contributions to organic acidity were 4.3 and 4.5 ueq/mg, respectively. Total 
(sum of weak and strong organic acids) charge density contribution for DOC was 
determined as the anion deficit in the ion balance. The weak organic acid component was 
calculated by difference using GRAN titration to determine ANC and subtracting HCO3". 
During GRAN titration, only the weak acid DOC would protonate. The strong organic 
acid component of DOC is the difference of the calculated total charge density and the 
measured weak organic acidity. 
The charge balance ratio was acceptable if it fell within ± 5% of 1.00. Few 
samples fell outside the acceptable range. Of those that did, most were within 10%. 
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Chapter 3 
RESULTS AND DISCUSSION 
East Bear Brook, Maine USA 
Conditions 
The Bear Brook Watershed in Maine (BBWM) was very dry for three months 
prior to the precipitation event sampled on October 7-10, 2005 (Figure 3.1). Precipitation 
at the BBWM was collected from two stations, one located at the weir (AEREA) and the 
other at a camp station on Lead Mountain (AERCA). Wet-only precipitation chemistry 
for September 28, 2005 through October 13, 2005 is shown in Table 3.1. The Belfort 
Rain Gauge recorded 20.8 cm of precipitation from September 28, 2005 through October 
13, 2005. Average wet deposition for 2001-2003 at BBWM is shown in Table 3.2. 
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Figure 3.1. East Bear Brook, Maine USA hydro graph for November 2004-October 2005 
water year (http://waterdata.usgs.gov/nwis). Discharge is in cubic feet per second. 
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Table 3.1. Wet-only precipitation chemistry from September 28, 2005 through October 
13, 2005 at Bear Brook Watershed, Maine, USA (personal communication, Melinda 
Diehl). 
Sample ID Date 
AERCA* 10/13/2005 
AEREA** 10/13/2005 
Equilibrated 
PH 
5.81 
5.77 
Ca 
mg/L 
0.04 
0.03 
Mg 
mg/L 
0.02 
0.00 
K 
mg/L 
0.12 
0.09 
Na 
mg/L 
0.18 
0.00 
CI 
|ieq/l 
7.1 
7.1 
NOj 
(ieq/1 
0.83 
1.15 
SO4 
(ieq/1 
2.2 
1.8 
NH4 
Heq/L 
2.38 
3.18 
*AERCA is the station at the camp 
**'AEREA is the station at the wier 
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Table 3.2. Average monthly wet deposition for 2001-2003 in eq/ha/mo at Bear Brook 
Watershed in Maine, USA (personal communication, Melinda Diehl). 
Average monthly wet deposition for 2001-2003 in eq/ha/mo 
onth 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
H+ 
16 
35 
15 
30 
13 
19 
17 
10 
22 
29 
19 
16 
Ca 
2.4 
4.4 
4.0 
5.1 
2.1 
2.3 
4.2 
0.8 
2.7 
6.3 
2.6 
3.0 
Mg 
3.4 
3.9 
2.2 
4.5 
1.1 
0.9 
1.1 
0.3 
5.9 
6.8 
4.2 
6.9 
K 
1.0 
0.8 
0.7 
1.0 
0.5 
1.2 
0.8 
0.2 
1.1 
3.1 
0.9 
1.6 
Na 
19.0 
17.5 
9.3 
8.8 
3.5 
2.4 
2.1 
0.9 
26.9 
24.0 
17.5 
32.0 
CI 
17.4 
18.2 
10.5 
10.4 
4.2 
3.8 
3.4 
1.4 
30.3 
28.4 
20.6 
34.7 
N0 3 
14.0 
26.6 
10.1 
16.5 
7.5 
10.9 
11.8 
4.8 
11.5 
20.9 
13.7 
10.3 
NH4 
4.8 
11.1 
5.0 
14.0 
4.1 
7.3 
14.5 
4.7 
8.6 
7.1 
6.6 
3.3 
S04 
12.2 
26.1 
13.1 
28.7 
13.2 
16.9 
20.8 
11.0 
25.3 
30.8 
17.3 
13.7 
On October 7-10, 2005 stream water was collected simultaneously four times 
through the hydrograph (Figure 3.2). Sampling sites were distributed within 
approximately 275 meters along the stream, spanning 34 meters elevation. A base flow 
sample was obtained on October 7, 2005 approximately 12 hours before the USGS 
monitoring station (USGS 01022294) recorded increasing flow related to the storm. 
Discharge was 0.0 cfs (0.000 cm/h) prior to the storm so a low flow sample was only 
collected at the weir (A) because the higher elevation sites were not flowing. Three 
samples (#1, 2, and 3) were collected on the ascending limb of the hydrograph. Sample 
#3 was collected just before peak flow and is the highest discharge sample collected. 
One sample (#4) was obtained as flow was returning to base level. Site D was only 
sampled during high flow and on the descending limb due to insufficient flow at other 
times. 
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The temporal and spatial characteristics of East Bear Brook chemistry are 
described below. A tabulation of stream chemistry for all research sites is in Appendix 
A. 
Figure 3.2. East Bear Brook, Maine USA hydrograph for the high discharge event on 
October 7-10, 2005 (http://waterdata.usgs.gov/nwis). Discharge is in cubic feet per 
second. 
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The pH in East Bear Brook declined from 5.96 to 5.32 at the weir site (A) from 
base flow to the highest discharge sampled (sample time 3) (Figure 3.3). Two trends 
were evident: (1) pH was inversely related to discharge at all sites, and (2) pH typically 
increased downstream for synchronous samples. After peak flow, the pH continued to 
decline at the two lower sites (A, B) as pH increased slightly at sites C and D. 
Figure 3.3. pH through space and time at East Bear Brook, Maine USA during the high 
discharge event on October 7-10, 2005. The vertical black line is time of maximum flow. 
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Sample Sequence 
ANC 
ANC was inversely correlated with flow (Figure 3.4). At site A, ANC declined 
from pre-episode ANC of 31 to 5.4 ueq/L at the highest flow sampled. Acid neutralizing 
capacity at the lower elevation sites (A, B, C) remained low as flow returned to base 
level. There was an overall increase in ANC downstream. 
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Figure 3.4. Acid neutralizing capacity (ueq/L) through space and time at East Bear 
Brook, Maine USA during the high discharge event on October 7-10, 2005. The vertical 
black line is time of maximum flow. 
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Calculated ANC is SBC minus (SAA plus the strong acid component of DOC 
((0.45)4.5 ueq/mg DOC)), in jaeq/L. A comparison of calculated ANC and measured 
GRAN ANC is shown in Figure 3.5. The correlation is good (r2=0.79) but there is a 
positive bias for GRAN ANC and the slope is not one. The source of the bias is 
unknown. 
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Figure 3.5. Calculated versus measured GRAN ANC (jxeq/L) at East Bear Brook, Maine 
USA during the high discharge event on October 7-10, 2005. 
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Strong Base Cations 
Concentrations of total (dissolved plus acid-soluble) Ca, Mg, and Na decreased or 
stayed the same as flow increased (Figure 3.6) and continued to decline well after peak 
flow. The dissolved fraction of Ca, Mg, and Na was 95% or higher of the total Ca, Mg, 
and Na. The temporal trends of Ca, Mg, and Na suggest that the groundwater draining to 
the stream during high flow is lower in base cations. It is likely that at high flow Ca, Mg, 
and Na are being diluted by groundwater. Base cation concentration in the precipitation 
was very low. Calcium and Mg increased downstream implying that the lower elevation 
sites were receiving more groundwater from lower mineral soils. There was an initial 
pulse of total K (0.13 to 0.42 mg/L) at site A from base flow to sample 1. Potassium then 
decreased with increasing flow at all sites. Particulate K was not a significant portion of 
total K except at base flow when it was 28% of total. All base cations remained low even 
as the stream was returning to base flow. The lag in base cation recovery may be a result 
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of cation-depleted soil flow paths or resorption by the riparian soil and streambed 
sediments (Goss et al., in review). 
Figure 3.6. Particulate plus dissolved base cations (mg/L) (particulate is a small fraction 
of total), through space and time at East Bear Brook, Maine USA during the high 
discharge event on October 7-10, 2005. The vertical black line is the time of maximum 
flow and error bars represent 5% analytical error. 
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Strong Acid Anions 
The strong acid anions F" and NO3" were below analytical detection limits through 
the entire event. Wet-only precipitation was low in all acid anions, which is unusual for 
Bear Brook (personal communication, Stephen Norton). Very little NO3" was delivered 
to the watershed by precipitation and what was delivered was likely scavenged by 
vegetation. Chloride decreased with increasing flow at all elevations. Chloride at sites 
A, B, and C decreased by 44%, 39%, and 40%, respectively. Dilution of CI" (ca. 50%) 
resulted from dilution of groundwater by precipitation. Chloride did not change with 
decreasing elevation implying that dilution was comparable everywhere. Sulfate was 
well buffered, with little or no temporal change through the hydrograph (Figure 3.7). 
Similar to CI", no downstream changes in SO4 " were evident, suggesting that the 
watershed has established equilibrium with respect to SO4 " input and export, via anion 
exchange reactions. 
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Figure 3.7. Chloride and SO4 " (|o.eq/L) through space and time at East Bear Brook, Maine 
USA during the high discharge event on October 7-10, 2005. The vertical black line is 
the time of maximum flow. 
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Sample Sequence 
Dissolved Carbon 
Discharge was positively correlated with DOC through the hydrograph (Figure 
3.8). Site A increased from 1.9 to 3.8 mg DOC/L from base flow to peak flow. Elevated 
DOC is likely a result of shallow interflow through upper organic-rich mineral soils and 
surficial organic soil and riparian sediment. There was little change in DOC 
concentration downstream. Enough organic-rich soil pore-water must drain into the 
stream to sustain DOC concentration downstream. 
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Figure 3.8. DOC (mg/L) through space and time at East Bear Brook, Maine USA during 
the high discharge event on October 7-10, 2005. The vertical black line is the time of 
maximum flow. 
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The base flow DIC sample syringe was broken, so no reference sample is 
included. Dissolved inorganic carbon decreased through the hydrograph (Figure 3.9), 
occurring mainly as carbonic acid (H2CO3) and bicarbonate (HCO3) (Figure 3.10). The 
low elevation site decreased from 0.43 mg/L at sample time 1 to 0.32 mg/L at peak flow. 
Sites B and D (mid-elevation and headwaters) were the only sites where DIC increased as 
flow was returning to base level. Base flow pH was 5.96 and declined during the entire 
sampling period, so H2CO3 remained the dominant DIC species. Bicarbonate decreased 
temporally as pH decreased, favoring formation of H2CO3 from HCO3". There is no 
spatial trend for DIC except that site D was higher in DIC than the downstream sites. 
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Figure 3.9. DIC (ueq/L) through time and space at East Bear Brook, Maine USA during 
the high discharge event on October 7-10, 2005. The vertical black line is the time of 
maximum flow. 
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Figure 3.10. Carbonic acid and bicarbonate (ueq/L) at East Bear Brook, Maine USA 
during the high discharge event on October 7-10, 2005. 
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Aluminum, Iron, and Phosphorus 
Concentrations of total, dissolved, and particulate Al increased with increasing 
stream flow at all sampling locations (Figure 3.11). Total Al (Alt) was largely in 
dissolved form at the mid- to high elevation sites but particulate Al was 37 to 48% of Alt 
at site A during high flow. Concentration of dissolved Al (Aid) was greatest at the most 
upstream site (D) and decreased downstream. Dissolved Al may be apportioned into 
organic (Al0) and inorganic (Alj) components. Both Al0 and Al; are significant in East 
Bear Brook but the ratio of organic to inorganic changes with time and space. Organic 
Al is a greater fraction of Aid during low flow and at the beginning of the storm event as 
discharge starts to increase. DOC and Al0 for all samples were strongly correlated (r = 
0.77). Organic Al is likely derived from shallow flow paths through the upper soil 
horizons. Inorganic Al can also be mobilized to the stream during ion exchange in the 
soils. For the remainder of the hydrologic event, Alj is the dominant dissolved portion of 
Al. At peak flow the stream was supersaturated with respect to gibbsite and kaolinite, but 
slightly undersaturated with respect to amorphous Al(OH)3. All stream samples plotted 
midway between the gibbsite and amorphous Al(OH)3 solubility curves. The stream was 
undersaturated with respect to alunite (KAl3(S04)2(OH)6) and jurbanite (AIOHSO4) at all 
times. 
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Figure 3.11. Aluminum (ug/L) at East Bear Brook, Maine USA during the high discharge 
event on October 7-10, 2005. The vertical black line is the time of maximum flow and 
analytical error is 10%, but field replicates were <3%. 
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Dissolved Fe increased with increasing flow through the hydrograph. Organic Fe 
was 368% of total dissolved Fe for the entire event but was poorly correlated with DOC 
(r2=0.39). Mobilization of dissolved Fe occurs through dissolution and export of Fe 
hydroxide from the soil. Particulate Fe was the dominant fraction of total Fe except at 
site D, the high elevation site. At the mid-elevation sites (B, C) particulate Fe decreased 
with increasing discharge. Particulate Fe at site A did not show any trend. Dissolved Fe 
typically increased downstream but particulate Fe did not show any spatial trend 
indicating that Fe concentration is maintained by groundwater downstream (Figure 3.12). 
Figure 3.12. Dissolved and particulate Fe ((xg/L) at East Bear Brook, Maine USA during 
the high discharge event on October 7-10, 2005. The vertical black line is the time of 
maximum flow. Analytical error is 10%, but field replicates were <6%. 
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East Bear Brook had very low concentrations of P (~1 to 5 ppb). Dissolved and 
particulate P did not have any significant temporal or spatial trends. Sample #3 at site D 
was much higher than any other samples and resulted in a negative particulate P 
concentration, which suggests that there might have been contamination of the dissolved 
sample for P. Phosphorus may be mobilized from the soils by desorption or dissolution 
of metal hydroxide phases, such as Al(OH)3 or Fe(OH)3, that adsorb P. 
Figure 3.13. Dissolved and particulate P (|xg/L) at East Bear Brook, Maine USA during 
the high discharge event on October 7-10, 2005. The vertical black line is the time of 
maximum flow. 
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Additional Trace Metals 
Concentrations of dissolved trace elements barium (Ba), cadmium (Cd), cobalt 
(Co), chromium (Cr), Mn, Pb, titanium (Ti), and Zn typically paralleled discharge at the 
sampling locations (Appendix A, Table A.l). The increase in dissolved trace metals is 
probably a result of shallow flow paths through the acidic upper soil horizon. 
Particulates were a minor fraction of total concentration. Beryllium was mobilized with 
increasing flow but remained elevated on the declining limb of the hydrograph, as for Alj. 
Silicon (Si) decreased below the reference base flow sample throughout the hydrograph. 
Arsenic, copper (Cu), and uranium (U) varied unsystematically in time and space. The 
(particulate):(total) concentration ratios of As, Cu, and U varied drastically. With the 
exception of site D, Ba, Cd, Co, Mn, and Zn decreased downstream. Downstream 
groundwater input likely has a higher pH facilitating higher trace metal retention in the 
soils (Driscoll et al., 1988), and thus dilution. Dissolved trace metal correlation with pH 
was weak except for Be and Co, which had regression coefficients of 0.85 and 0.59, 
respectively. Low pH related inversely Be and Co. 
Summary 
The October 7-10, 2005 rain event produced a change in discharge of 0.0 to >2.5 
cfs (0.000 to >0.238 cm/h). Shallow soil water with high PCO2, organic acids, and H+ 
derived from cation exchange drained to the stream causing a decrease in pH. pH 
increased downstream as CO2 degassed (Figure 3.14). The temporal decrease in ANC as 
discharge increased was a net effect of increased organic acid, dilution of base cations by 
groundwater, and little dilution of SO4 ". As with pH, ANC generally increased 
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downstream due to neutralization and dilution by higher ANC groundwater. Site B was 
better buffered than the other sites, which could be due to greater groundwater input 
between B and C. 
Figure 3.14. Log PCO2 at East Bear Brook, Maine USA during the high discharge event 
on October 7-10, 2005. The vertical black line is the time of maximum flow. 
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Base cations declined due to dilution by groundwater. However, the base cations 
are not diluted as much as CF (ca. 50%), suggesting that there is buffering of base cation 
concentrations by the soils. There was an initial pulse of K in shallow soil water 
percolating to the stream as a result of leaching of K from vegetation and decaying of 
recent leaf fall. Potassium is typically controlled by vegetation and therefore varies 
seasonally with greater K leaching from vegetation during the fall (Norton et al., 1999). 
The lag in recovery of pH, ANC, and base cations as flow was returning to base level 
could be a result of changing flow paths through organic-rich, base-cation depleted soils 
and sorption of base cations by stream sediments (Goss et al., in review). 
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Changes in acid anions were not a major contributor to the acidic episode. 
Chloride was only 7 ueq/L in precipitation, and its concentration in the stream decreased 
from 70 to 40 ueq/L during the event, implying substantial dilution (ca. 50%) by 
precipitation and low Cf groundwater. There was little or no change in SO4 " suggesting 
that a large pool of adsorbed SO42" in the soils rapidly maintains a near equilibrium state 
through rapid adsorption/desorption processes. Sulfate adsorption/desorption is a 
neutralizing mechanism that involves soil-soil water and stream sediment-stream water 
interactions (Nodvin et al., 1988; Norton et al., 2000) and is reversible but does not seem 
to be a major neutralizing mechanism for East Bear Brook. 
Total and dissolved Al increased with increasing flow as Al-hydroxide and/or 
Aln+ was released by dissolution and ion exchange in the soil. The downstream decline in 
Al may be due to precipitation of secondary phases. The decline in total and dissolved Al 
could also be a result of dilution by groundwater. The irregular concentration of 
particulate Al (Alp) downstream and through time may be due to a combined effect of 
dilution of stream water by higher pH groundwater, degassing of CO2, precipitation of a 
secondary Al phase, or dissolving of particulate Al. Particulate Al was not related 
stoichiometrically to particulate Ca or Mg and exceeded them on a molar basis; thus there 
is little likelihood that mineral particles such as feldspar are linked to elevated acid-
soluble Al particles. Most likely, Al and Fe are derived from hydroxide phases in the 
catchment soils that are dissolved and the Al and Fe discharged into the stream, and 
precipitated there due to increasing pH (Al and Fe). 
Mobilization of trace metals, Ba, Be, Cd, Co, Cr, Mn, Pb, Ti, and Zn was caused 
by shallow flow through upper soil horizons. Downstream decreases in Ba, Cd, Co, Mn, 
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and Zn may be a result of dilution by groundwater. Dissolved organic carbon correlated 
with dissolved Ba, Co, Cu, Pb, and Ti (r2 20.30). 
Stream chemistry during the October 7-10, 2005 event was predominantly 
affected by shallow flow through the upper soil horizon. Elevated DOC, organic Al and 
Fe, K, and trace metals characterize water from shallow flow paths. The flow through the 
upper soil horizon also results in lower Ca, Mg, and Na. Downstream increases in Ca 
and Mg along with declining trace metals, is likely a result of thicker soils and higher pH 
soil and stream water. 
Hadlock Brook, Maine USA 
Conditions 
Hadlock Brook in Acadia National Park, Maine USA was sampled during a high 
flow event in November 2005 (Figure 3.15). The National Atmospheric Deposition 
Program (NADP) Belfort Rain Gauge at McFarland Hill in Acadia National Park 
recorded 24.6 cm of precipitation from June through September 2005 (Table 3.3). 
October was very wet, with 42.9 cm. The McFarland Hill rain gauge recorded 23.4 cm of 
total precipitation in November with 3.81 cm immediately prior to the high discharge 
event sampled on November 9-11, 2005 (Figure 3.16). Weekly wet-only precipitation 
chemistry for the McFarland Hill NADP site is shown in Table 3.4. 
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Figure 3.15. Hadlock Brook, Maine USA hydrograph for November -July 2005 
(http://waterdata.usgs.gov/nwis). Discharge is in cubic feet per second. 
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Table 3.3 Monthly precipitation amounts in centimeters for 2005 as recorded by the 
NADP Belfort Rain Gauge at McFarland Hill, Acadia National Park, Maine, USA 
(http://nadp.sws.uiuc.edu/). 
Month (20051 
January 
February 
March 
April 
May 
June 
July 
August 
Sept 
October 
November 
December 
Total 
SUM (cm) 
7.0 
7.7 
22.0 
36.4 
37.6 
5.2 
2.9 
8.1 
8.4 
42.9 
23.4 
12.4 
214.0 
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Figure 3.16. Hadlock Brook, Maine USA hydrograph for the high discharge event on 
November 9-11, 2005 (http://waterdata.usRs.gov/nwis). Discharge is in cubic feet per 
second. 
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Table 3.4. Precipitation chemistry at Hadlock Brook Watershed, Maine, USA 
(http://nadp.sws.uiuc.edu/). 
i 
1 
Date On | Date Off 
10/24/2005111/1/2005 
11/1/2005 jll/8/2005 
11/8/2005 |ll/15/2005 
Ca Mg ! K 
mq/L 
0.13 
0.12 
0.066 0.041 
0.284 0.099 
Na 
0.499 
2.351 
NH4 
37.56 
7.63 
N03 ! CI S04 
ueq/L 
43.86 23.98 
8.39 119.61 
93.48 
34.77 
pH 
Lab 
4.01 
4.64 
Volume 
mm 
7.62 
"" 38.1 
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On November 9-11, 2005 stream water was collected simultaneously from three 
sampling sites spanning approximately 995 meters along the thread of the stream and 179 
meters, vertically. A reference base flow sample was collected at all sites on November 
9, 2005, two hours before the USGS monitoring station (USGS 01022860) recorded 
increased flow due to precipitation. Discharge at low flow was 0.2 cfs (0.004cm/h). 
Sample number 1 represents maximum flow (1 lcfs; 0.238 cm/h) for the entire event. 
Samples 2-5 were collected on the decreasing limb of the hydrograph. Sample 6 was 
collected the following day, November 11, 2005, as flow continued to decrease. 
EH 
At Hadlock Brook, pH was lowest at maximum discharge and increased as flow 
returned to base level at all sampling sites (Figure 3.17). The low elevation site (A) 
decreased from a base flow pH of 6.41 to 5.61 at peak discharge. Pre-event base flow pH 
ranged from 5.91 in the headwaters (Site C) to 6.41 at site A. pH consistently increased 
downstream through the entire event. 
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Figure 3.17. pH through space and time at Hadlock Brook, Maine USA during the high 
discharge event on November 9-11, 2005. The vertical black line is time of maximum 
flow. 
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Acid neutralizing capacity decreased temporally with increasing discharge at all 
sampling sites (Figure 3.18), and decreased downstream. The low elevation site declined 
from 60 to 10 ueq/L. The headwaters site had the least change in ANC of all sites (A = 
21.2 ueq/L, 18.9 to -2.3 ueq/L). 
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Figure 3.18. ANC (|xeq/L) through space and time at Hadlock Brook, Maine USA during 
the high discharge event on November 9-11, 2005. The vertical black line is time of 
maximum flow. 
Sample Sequence 
Calculated ANC (SBC - (SAA plus the strong acid component of DOC ((0.45)4.5 
ueq/mg DOC))) versus measured GRAN ANC is shown in Figure 3.19. Correlation was 
very good with r2 = 0.94. As with East Bear Brook, there is a slight bias towards GRAN 
ANC and the slope is not one. The source of the bias is not known but may due to acid-
soluble particulate matter in the unfiltered stream water sample used for GRAN ANC. 
62 
Figure 3.19. Calculated versus measured ANC (^eq/L) at Hadlock Brook, Maine USA 
during the high discharge event on November 9-11, 2005. The vertical black line is time 
of maximum flow. 
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Strong Base Cations 
Dissolved Ca was typically ^ 6 % of total Ca. Calcium (Figure 3.20) decreased 
temporally from base flow to maximum flow at the mid and low elevation sites perhaps 
due to dilution by surface inputs higher in the watershed or shallow groundwater derived 
from the low alkalinity upper soil horizon. However, quality of groundwater input is not 
known. Calcium concentration in the precipitation was low compared to the stream (0.12 
mg/L). Calcium did not recover at the mid and low elevation sites until sample 6, the day 
following the storm, as the stream continued to return toward base flow. At the 
headwater site, Ca increased slightly from base flow to a plateau through maximum flow. 
The increase in Ca at the headwaters site was associated with runoff from the sparsely 
vegetated, bare rock summit just above site C. The headwater site had the lowest pre-
63 
event Ca. The lowest elevation site consistently had the greatest Ca but remained below 
base flow Ca concentration for the entire event. 
Potassium increased and decreased parallel to discharge. Particulate K was a 
small fraction of the total K. Leaching of K from vegetation and organic litter and 
desorption are likely the sources of increased K. Downstream, K increased slightly or not 
at all. Bedrock is an important source of K for water draining the lower soil horizon 
downstream. Marine aerosol may also be important. Total Mg and Na were 3)5% 
dissolved (with the exception of one sample) and showed little or no temporal and spatial 
change. 
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Figure 3.20. Particulate plus dissolved base cations (mg/L) (particulate is a small fraction 
of total), through space and time at Hadlock Brook, Maine USA during the high 
discharge event on November 9-11, 2005. The vertical black line is the time of 
maximum flow and error bars represent 5% analytical error. 
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Strong Acid Anions 
Nitrate and CI" (Figure 3.21) increased from low to maximum flow and then 
declined as flow returned to base level. The elevated NO3" and CI" resulted from 
precipitation and dry deposition accumulation in the catchment, followed by washout. 
Chloride, considered conservative, had no spatial trend but increased to concentrations 
exceeding that in the wet precipitation. Nitrate was highest in the headwaters and 
decreased downstream. Base flow concentration of NO3" was 4.2 \ieq/L at site C and <1 
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fieq/L downstream at site A. The NO3" loading in the headwaters may be due to direct 
input from precipitation and runoff from the sparsely vegetated exposed bedrock. Wet-
only precipitation collected from November 9-15, 2005 had 8.4 |ieq/L of NO3" (NADP). 
Some NCVmay also be coming from accumulation in the soils. Downstream, dilution 
occurred from I0W-NO3" groundwater input. 
Sulfate was inversely related to discharge. Decreasing SO4 " through time was 
due to dilution by precipitation and groundwater. Sulfate concentration in precipitation 
was 34.8 |j,eq/L. The headwaters had the lowest concentration of SO4 " probably because 
of low SO42" in the precipitation and low antecedent dry deposition. 
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Figure 3.21. Chloride, N03", and SO42" (ueq/L) through space and time at Hadlock Brook, 
Maine USA during the high discharge event on November 9-11, 2005. The vertical black 
line is the time of maximum flow. 
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Dissolved Carbon 
Dissolved organic carbon (DOC) correlated with discharge at all elevations 
(Figure 3.22). The temporal DOC trend was likely a result of varying shallow interflow. 
Concurrent downstream DOC concentrations are similar and do not vary systematically 
although the lowest elevation site typically had the lowest DOC. 
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Figure 3.22. DOC (mg/L) through space and time at Hadlock Brook, Maine USA during 
the high discharge event on November 9-11, 2005. The vertical black line is the time of 
maximum flow. 
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Dissolved inorganic carbon at all sample sites decreased from base flow to 
maximum discharge (Figure 3.23). However, as flow returned to base level DIC 
remained low with little or no increase until the day after the main precipitation event, 
November 11, 2005 (sample #6). At high discharge, pH was low and H2CO3 was the 
dominant DIC species (Figure 3.24). Site A, the low elevation sampling location, 
consistently had the highest DIC. Pre-event pH was >6.0, enabling protonation of HCO3" 
during acidification. Protonation of HCO3" is an important neutralizing mechanism when 
pH decreases. 
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Figure 3.23. DIC (mg/L) through space and time at Hadlock Brook, Maine USA during 
the high discharge event on November 9-11, 2005. The vertical black line is the time of 
maximum flow. 
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Figure 3.24. Carbonic acid and bicarbonate ((ieq/L) at Hadlock Brook, Maine USA 
during the high discharge event on November 9-11, 2005. 
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Aluminum, Iron, and Phosphorus 
Total Al and Ala correlated positively with discharge at all elevations (A, B, C). 
Particulate Al was variable at all sites temporally and spatially (Figure 3.25). The Al0 
fraction of Ala increased with flow and was positively correlated with DOC (r =0.90). 
However, Al0 at the headwaters site (C) peaked at sample time #3 and 4, as flow was 
returning to base level. Site B decreased in Al0 along with discharge until sample #5 
when there was another peak in Al0. At the lowest elevation site (A), Al0 correlated with 
discharge through the event. Inorganic Al was parallel to discharge at all elevations. The 
low elevation site (A) consistently had the lowest Al, perhaps due to adsorption or 
precipitation of secondary minerals within the stream and dilution by higher pH, low Al 
groundwater. The mid-elevation site typically had the highest concentration of Al. 
Aluminum at all sites was oversaturated with respect to gibbsite but undersaturated with 
respect to amorphous Al(OH)3. All Ali samples plotted approximately midway between 
the solubility curves for gibbsite and amorphous Al(OH)3. 
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Figure 3.25. Aluminum (ug/L) at Hadlock Brook, Maine USA during the high discharge 
event on November 9-11, 2005. The vertical black line is the time of maximum flow and 
analytical error is 10%, but field replicates were <1%. 
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Total and dissolved Fe correlated positively with discharge at all sites (Figure 
3.26). Dissolved Fe was a large fraction (^0%) of total Fe for all samples at all sites, 
except the base flow sample at site A. Downstream, dissolved Fe decreased from dilution 
by groundwater. Organic Fe was >50% of total dissolved Fe and was well correlated 
with DOC (r =0.85). Particulate Fe was low and varied erratically at all sites, both 
temporally and spatially. 
Figure 3.26. Dissolved and particulate Fe (u.g/L) at Hadlock Brook, Maine USA during 
the high discharge event on November 9-11, 2005. The vertical black line is the time of 
maximum flow. Analytical error is 10%, but field replicates were <5%. 
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Particulate Al and Fe were not stoichiometrically related to particulate Ca and Mg 
indicating that stream Al and Fe are likely not linked to acid-soluble minerals containing 
Ca or Mg. However, particulate Fe and Al had similar patterns and were positively 
correlated (r =0.81). Particulate Fe and Al may be in hydroxide phases mobilized from 
the catchment soils. 
Phosphorus in Hadlock Brook was <1.0 (xg/L at base flow for all sites. Total P 
was dominantly dissolved P and shows little or no change with flow except at site A 
where total P varied unsystematically between 0.5 and 2.1 |ig/L. 
Additional Trace Metals 
Dissolved As, Ba, Be, Cd, Co, Mn, Pb, Ti, U, and Zn correlated inversely with pH 
(r >0.50); Cr and Cu did not. Uranium decreased with decreasing pH (r =0.50). 
Increased discharge from increasing shallow interflow may cause increased trace metal 
mobilization from the soils to the stream (Sherrell and Ross, 1999). Generally the upper 
elevation sites had the higher concentrations of trace metals. Dilution by higher pH 
groundwater is likely the cause of the downstream spatial trend although trace metals 
may be occluded in, adsorbed on, or co-precipitated with other secondary mineral phases. 
Summary 
On November 9-11, 2005, Hadlock Brook experienced a high discharge event. 
As stream flow increased, pH and ANC declined. The temporal depression in pH was a 
combined affect of increased organic acid and NO3" in the water draining from the upper 
soil horizon. Hadlock also receives marine aerosols due to it's proximity to the Gulf of 
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Maine, resulting in Na+ and Mg + exchange for H+ in the soils, adding to runoff acidity 
(Heath et al., 1992). 
Depressed ANC resulted from addition of organic acids, CI", and NO3", relative to 
base cations. Sulfate was inversely correlated with flow, so it was not significant in 
episodic acidification of the stream. Potassium was positively correlated with flow, but 
Ca, Mg, and Na typically changed little or not at all. Shallow flow paths mobilized 
organic acids and acid anions that had accumulated in/on the forest floor and vegetation. 
Spatially, ANC and pH increased downstream from dilution of NO3" and increased base 
cations. The headwaters site had the least change in ANC (A = 21.2 ueq/L) of all sites 
probably due to shallower soils, sparse vegetation, and exposed bedrock. 
Total and dissolved Al and Fe were positively correlated with discharge at all 
sites. The organic fraction of total dissolved Al and Fe showed strong positive 
correlation with DOC (r =0.90 and r =0.85, respectively), implying that Al0 and Fe0 are 
complexed with DOC. Particulate Al and Fe had similar patterns and were strongly 
correlated, evidence for mobilization of Al and Fe hydroxide from the upper soil horizon 
during high discharge acidic events. 
Hadlock Brook was highly influenced by water draining the upper soil horizon. 
This is seen in the increases in DOC, Al, Fe, NO3", K, and dissolved trace metals (As, Ba, 
Be, Cd, Co, Mn, Pb, Ti, U, and Zn). 
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Fernow Experimental Forest Watershed 3, West Virginia USA 
Conditions 
Fernow WS3 was sampled on December 29-30, 2005 during a snowmelt event 
(Figure 3.28). The watershed was very dry from June through November 2005 (Figure 
3.27). On December 28, 2005 a light rain started but turned to snow 12 hours later. A 
total accumulation of 2 inches of snow (melted) fell (personal communication, Doug 
Owens). The accumulated snow melted and stream flow increased from 0.6 to 1.1 cfs 
(0.018 to 0.033 cm/h). Weekly precipitation chemistry for the three weeks prior to the 
snowmelt event is in Table 3.5. 
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Figure 3.27. Fernow WS3, West Virginia USA hydrograph for May 2005 -April 2006 
water year (personal communication, Frederica Wood). The event is noted by a star on 
the hydrograph. Discharge is in cubic feet per second. 
Water Year: May 2005- April 2006 
Time 
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Figure 3.28. Fernow WS3, West Virginia USA hydrograph for December 28, 2005 
through January 1, 2006 (personal communication, Mary Beth Adams). Discharge is in 
cubic feet per second. 
December 28,2005- January 1,2006 
12/28 12/29 12/30 01/01/2006 
Time 
Table 3.5. Weekly precipitation chemistry (|ueq/L) for December 2005 at Fernow WS3, 
West Virginia, USA (personal communication, Frederica Wood). 
Date pH 
12/5/2005 4.57 
12/12/2005 4.35 
12/20/2005 4.41 
12/27/2005 4.46 
2005 Average 4.50 
CI 
Ijeq/L 
2.54 
5.92 
7.90 
2.54 
4.27 
Total 2005 Precipitation 
N0 3 
jjeq/L 
19.28 
34.28 
43.56 
19.99 
24.86 
-
S 0 4 
/jeq/L 
22.28 
38.52 
26.03 
30.61 
42.14 
-
Ca 
\ieq/L 
4.99 
12.97 
14.97 
4.99 
12.08 
-
Mg 
[ieq/L 
0.82 
1.65 
1.65 
0.82 
2.95 
-
K 
yeq/L 
0.77 
1.28 
1.79 
0.51 
4.69 
-
Na 
[ieq/L 
1.31 
3.48 
5.22 
0.87 
2.31 
-
NH4 
fjeq/L 
5.00 
12.14 
9.28 
5.00 
13.95 
-
Volume 
mm 
72.1 
23.9 
7.6 
26.4 
-
2373.9 
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Samples were collected simultaneously at three locations spanning approximately 
276 meters along the stream, 18.6 meters vertically. The low elevation site (A) was 
located just above the USDA Forest Service weir (Northeastern Research Station). A 
base flow sample was collected two weeks prior to the event on December 15, 2005 in 
anticipation of an earlier storm event that did not occur. However, that base flow sample 
is included in this data set and represents stream chemistry at low flow (0.1 cfs or 0.003 
cm/h). Sample numbers 2-6 were collected on the increasing limb of the hydrograph 
with sample six at the maximum discharge sampled. Samples 7-8 were collected as the 
stream was returning to base level the day after the peak in snowmelt, December 30, 
2005. 
EM 
The base flow sample collected two weeks prior to the snowmelt event had a pH 
of 5.3 (Figure 3.29). The pH decreased to 5.15 at all sites during the snowmelt. 
However, the pH minimum occurred at different times at each site. The highest elevation 
site (C) had an increase in pH at sample time 3 which is likely due to contamination 
because the equilibrated pH (5.18) and pH measured with ANC during Gran titration 
(4.99) do not reflect this high value. There was no temporal or spatial trend in pH, 
although sites A and B behaved similarly, often having comparable pH values. Changing 
soil flow paths associated with the snowmelt may be the cause of the variable temporal 
and spatial pH. 
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Figure 3.29. pH through space and time at Fernow WS3, West Virginia USA during the 
high discharge event on December 29-30, 2005. The vertical black line is time of 
maximum flow. 
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ANC 
The pre-event ANC was low due to the watershed manipulation project at Fernow 
WS3 that has added ammonium sulfate three times annually since 1989. The most recent 
application prior to this hydrologic event was in November 2005. Pre-event ANC ranged 
from -3.5 at site A to -5.3 ueq/L upstream at site C (Figure 3.30). Acid neutralizing 
capacity declined with flow and remained low during the entire event. The lowest ANC 
occurred on the decreasing limb of the hydrograph at sites A and B. Maximum ANC 
depression at site C occurred before peak flow. The upper site consistently had the lowest 
ANC. As with pH, changing flow paths likely caused fluctuations in ANC. 
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Figure 3.30. ANC ()leq/L) through space and time at Fernow WS3, West Virginia USA 
during the high discharge event on December 29-30, 2005. The vertical black line is time 
of maximum flow. 
Sample Sequence 
Calculated ANC is SBC minus (SAA and the strong acid component of DOC 
((0.45)4.5 ueq/mg DOC)), in |ieq/L. A comparison of calculated ANC and measured 
ANC is shown in Figure 3.31. Correlation of calculated and measured ANC was poor 
(r2=0.38), partly because of the low spread of values. The measured GRAN ANC was 
determined from unfiltered stream water samples and therefore may have been affected 
by particulate matter (up to a few jieq/L) but most of the bias (15 |ieq ANC 
(measured)/L) is unexplained. 
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Figure 3.31. Calculated versus measured GRAN ANC (|xeq/L) at Fernow WS3, West 
Virginia USA during the high discharge event on December 29-30, 2005. The vertical 
black line is time of maximum flow. 
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Strong Base Cations 
Calcium, Mg, and K increased slightly but insignificantly from base flow to 
sample number 2 (Figure 3.32). Because the base flow sample was collected two weeks 
prior to the event samples (#2-8) it might not be an accurate representation of the base 
flow chemistry of the stream for this hydrologic event although it was probably suitable. 
The same is true for Na, which decreased slightly from the base flow sample to the 
subsequent sample number 2 but experienced no change thereafter. There was no evident 
spatial trend for any of the base cations, suggesting that the incoming groundwater may 
be supplying base cations to the stream in relatively constant concentrations regardless of 
discharge. The soil at Fernow WS3 is thick and rocky with flow paths that are likely 
through the lower mineral soil horizons. 
O 
T3 
y = 0. 
R2 
17X-2.38 
= 0.39 
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Figure 3.32. Particulate plus dissolved base cations (mg/L) (particulate is a small fraction 
of total), through space and time at Fernow WS3, West Virginia USA during the high 
discharge event on December 29-30, 2005. The vertical black line is the time of 
maximum flow and error bars represent 5% analytical error. 
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Strong Acid Anions 
Chloride showed no temporal or spatial trend (Figure 3.33). As with base cations, 
there seemed to be an initial increase in NO3" and SO4 " from sample time 1 to sample 
time 2, however, these samples were collected two weeks apart. Nitrate and SO4 " 
concentrations were sustained temporally and spatially which suggests that N and S have 
accumulated in watershed from the experimental additions of ammonium sulfate and a 
history of ambient deposition. The small variation and change in acid anions indicate 
that the groundwater draining to the stream is well buffered by the soils. 
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Figure 3.33. Chloride, NO3", and SO4 " (^eq/L) through space and time at Fernow WS3, 
West Virginia USA during the high discharge event on December 29-30, 2005. The 
vertical black line is the time of maximum flow. 
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Dissolved Carbon 
Dissolved organic carbon was very low and fluctuated during the snowmelt event 
at all elevations (Figure 3.34). No temporal or spatial trends were evident. The low 
concentrations of DOC, especially compared to the other two streams studied here, are 
likely related to soils with very thin O horizon underlying dominantly hardwood forest. 
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Figure 3.34. DOC (mg/L) through space and time at Fernow WS3, West Virginia USA 
during the high discharge event on December 29-30, 2005. The vertical black line is the 
time of maximum flow. 
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Dissolved inorganic carbon did not change temporally or spatially (Figure 3.35). 
The small change in pH and hydrologic changes caused little change in speciation of 
DIC. Carbonic acid is the dominant form of DIC for the entire pH range of the event. 
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Figure 3.35. DIC (mg/L) through space and time at Fernow WS3, West Virginia USA 
during the high discharge event on December 29-30, 2005. The vertical black line is the 
time of maximum flow. 
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Aluminum., Iron, and Phosphorus 
Total Al was dominantly Ala and changed little at high flow (Figure 3.36). 
Organic Al was a small fraction of Aid. Aluminum typically decreased downstream. 
Fernow WS3 was oversaturated with respect to gibbsite and undersaturated with respect 
to amorphous Al(OH)3. All Al; samples plotted approximately halfway between the 
gibbsite and amorphous Al(OH)3 solubility curves. The small decline in Al downstream 
could be due to dilution by groundwater or precipitation of secondary phases. 
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Figure 3.36. Aluminum (jig/L) through space and time at Fernow WS3, West Virginia 
USA during the high discharge event on December 29-30, 2005. The vertical black line 
is the time of maximum flow and analytical error is 10%. 
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Iron was dominantly acid-soluble particulate Fe (Figure 3.37). Dissolved Fe was 
a very small fraction of total Fe. Particulate Fe correlated positively with flow and 
increased downstream. The high elevation site typically had the lowest Fe. 
Figure 3.37. Total and particulate Fe (|ig/L) through space and time at Fernow WS3, 
West Virginia USA during the high discharge event on December 29-30, 2005. The 
vertical black line is the time of maximum flow. 
a. 
10 
8 
6 
4 
2 x;' 
0 J— 
10 
8 
0 6 
Li-
ra 4 
i 
X 
Total Fe 
O 
; -
x x 
o 
X 
O A 
• B 
X C 
— Peak 
x 
X 
Particulate Fe • 
' O 
• • o • x 
o 
" x x 
o 
m 
X 
!— 
.-J 
X 
O 1 2 3 4 5 6 7 8 
Sample Sequence 
Particulate Al and Fe may be associated with a hydroxide phase that is mobilized 
from the forest soil. There was a strong positive correlation (r =0.80) between particulate 
Al and Fe, supporting the hypothesis of acid mobilization of hydroxide. 
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Dissolved P was the dominant fraction for P (there was little or no particulate P) 
for the entire event. Total P varied unsystematically between 0.1 and 0.8 |ig/L. 
Phosphorus showed little or no temporal and spatial change. 
Additional Trace Metals 
None of the dissolved trace metals (As, Cd, Co, Cr, Cu, Pb, Ti, U, and Zn) were 
correlated with pH except Ba (r2=0.62), Be (r2=0.54), and Mn (r2=0.41) which increased 
slightly with discharge. There were little or no particulate trace metals. 
Summary 
The snowmelt event on December 29-30, 2005 caused a decline in pH and ANC. 
The temporal decline in pH is a result of the slight increase in NO3" and SO42" released 
from the watershed as a result of the watershed chemical treatment. The anion increase 
was not countered by increased base cations, thereby resulting in decreased pH and ANC. 
Total and dissolved Al increased with flow at all sites but are diluted or 
precipitated as secondary minerals downstream. There was little Al0, and it did not 
correlate with the low concentrations of DOC. Iron was dominantly in particulate form, 
which was related to Alp and likely exported to the stream as dissolved hydroxide from 
the soils. 
Stream chemistry during the snowmelt event at Fernow WS3 was extremely well 
buffered. Groundwater flow paths varied throughout the event causing only minor 
fluctuations in pH and ANC. 
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Comparison Among Research Sites 
Quality of Comparison 
East Bear Brook and Hadlock Brook, Maine USA were sampled during fall 
(October and November 2005) rain events. Fernow WS3 was sampled in winter 
(December 2005) during a snowmelt event. The sampling during different seasons and 
types of hydrologic events makes comparisons between and among the sites less than 
ideal. Further, the watersheds have different climate, bedrock, vegetation, elevation, soils, 
and distance from the ocean. However, I will summarize the mechanisms responsible for 
the episodic acidification at each watershed during the high discharge event that was 
sampled. 
Acidification 
All research sites experienced episodic acidification (decline in pH and ANC) 
during the period of high discharge. Maximum pH depression coincided with maximum 
discharge at all sampling sites at East Bear Brook and Hadlock Brook, but not Fernow 
WS3. Depressed pH at East Bear Brook resulted from increased input of organic acids, 
ion exchange in the upper soil horizon releasing H+, and mixing of stream water with 
higher CO2 soil water. At Hadlock Brook, addition of organic acids and NO3" contributed 
to acidity as well as ion exchange of Na+ and Mg + (both from marine salt input) for H+ 
in the soils and possibly some direct runoff at the sparsely vegetated and bare rock 
headwaters. Declining pH at Fernow WS3 was due to very small increases in NO3' and 
SO42". Fernow WS3 had the least change in pH of the three sites. Organic acids were 
important in acidification of East Bear Brook and Hadlock Brook partly because both 
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sites were sampled in the fall when decaying fresh organic litter is abundant on the forest 
floor. Fernow WS3 soils have less organic material. Hadlock Brook is on the Maine 
coast and therefore has relatively high inputs of marine aerosols, which episodically can 
cause ion exchange of Na+ and Mg2+ for H+ and Al. The headwaters for Hadlock Brook 
are also less vegetated, with more exposed bedrock, resulting in lower accumulations of 
dry deposition and less soil than the other sites. Nitrate and SO4 " are more available at 
Fernow WS3 due to the experimental additions of ammonium sulfate and are the main 
contributors to depressed pH. At East Bear Brook and Fernow WS3, pH remained low as 
flow was returning to base level, whereas Hadlock Brook pH increased as discharge 
declined. 
Spatially, East Bear Brook and Hadlock Brook increased in pH downstream. The 
pH in Fernow WS3 varied little downstream. There, stream water appeared to be 
strongly buffered by soils. 
Acid neutralizing capacity declined at all research sites during high discharge. 
The temporal decline in ANC at East Bear Brook was due to organic-rich groundwater 
draining low alkalinity upper soil horizons and dilution of base cations being greater than 
dilution of SO4 ". Organic-rich groundwater derived from shallow subsurface flow was 
also a main contributor to ANC decline at Hadlock Brook, along with additions of CF and 
NO3". Fernow WS3 had the lowest pre-event ANC of all three watersheds (ANC < -3.5 
^eq/L at all sites) due to the experimental ammonium sulfate additions. Acid 
neutralizing capacity declined at Fernow WS3 due to slight increases in NO3" and SO42". 
East Bear Brook and Hadlock Brook experienced increased ANC downstream as 
groundwater draining thicker soils diluted acid anions and DOC, and concurrently 
91 
increased base cations. Dilution due to groundwater at East Bear Brook was more easily 
quantified than Hadlock due to the exceptionally low anion concentration in the 
precipitation facilitating the use of Cf as a conservative tracer. Fernow WS3 has older, 
rockier soils with less organic soil horizon than the other research sites and was better 
buffered by the soils. Fernow WS3 experienced almost no change in base cations and 
very little change in acid anions. There was no longitudinal downstream dilution. 
Aluminum and Fe mobilization from the soils to the stream occurred at all 
research sites. Total and dissolved Al increased with increasing flow at all sample sites 
as Al-hydroxide and/or Al(OH)n3n released by dissolution and ion exchange in the soil. 
Total Al was typically dominated by dissolved Al at all research sites. Dissolved Fe also 
increased with flow at all research sites but was only the dominant fraction of total Fe at 
Hadlock Brook. Organically-bound Al and Fe were significant fractions of total 
dissolved at East Bear Brook and Hadlock Brook because of the shallow flow paths 
through the organic-rich soil horizons. Organic Al was well correlated with DOC at both 
sites. Organic Fe was not as well correlated with DOC at East Bear Brook as Hadlock 
Brook. Fernow WS3 soil had little organic matter and apparently exports little DOC, so 
organic Al and Fe were a very small part of total dissolved. 
Particulate Al was not related stoichiometrically to particulate Ca or Mg at East 
Bear Brook or Hadlock Brook suggesting that there is little likelihood that mineral 
particles such as feldspar are linked to elevated acid-soluble Al particles. However, 
particulate Al was linked with particulate Fe at all three research sites, implying that they 
are formed via similar process. Total Fe was largely particulate Fe at East Bear Brook 
and Fernow WS3. At East Bear Brook, particulate Al increased and decreased with flow, 
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although particulate Fe did not. Particulate Al and Fe at Hadlock Brook had no evident 
temporal trend. At Fernow WS3 particulate Al and Fe increased with flow but peaked 
before maximum discharge. Most likely, particulate Al and Fe are mobilized from 
hydroxide phases in the catchment soils, discharged into the stream, and precipitated in 
the water column. 
Dissolved trace metal mobilization occurred at East Bear Brook and Hadlock 
Brook likely due to shallow flow paths. At Fernow WS3, only Ba, Be, and Mn increased 
with flow. Studies have linked dissolved trace metal mobilization with higher discharge 
and shallow flow paths (Sherrell and Ross, 1999). Trace metals compete for ion 
exchange sites with base cations and may desorb during acidic episodes. They may also 
be mobilized by complexation with organic acids (Driscoll et al. 1988). 
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Appendix A 
WATER CHEMISTRY RESULTS 
All temporal and spatial data collected for all research sites are included in these tables. 
Values that were below detection limits are denoted by '<'. Data that are suspect 
probably due to contamination are highlighted. All chemical analyses were performed at 
Sawyer Environmental Chemistry Laboratory, University of Maine, USA. 
Table A.l. pH, ANC, dissolved carbon, and acid anions from the high discharge event on 
October 7-10, 2005 for East Bear Brook, Maine, USA. 
Table A.2. ICP-AES total metals from the high discharge event on October 7-10, 
2005 for East Bear Brook, Maine, USA. 
Table A.3. ICP-AES dissolved metals from the high discharge event on October 
7-10, 2005 for East Bear Brook, Maine, USA. 
Table A.4. ICP-AES organically-bound metals from the high discharge event on 
October 7-10, 2005 for East Bear Brook, Maine, USA. 
Table A.5. ICP-MS total metals from the high discharge event on October 7-10, 
2005 for East Bear Brook, Maine, USA. 
Table A.6. ICP-MS dissolved metals from the high discharge event on October 
7-10, 2005 for East Bear Brook, Maine, USA. 
Table A.7. pH, ANC, dissolved carbon, and acid anions from the high discharge event on 
November 9-11, 2005 for Hadlock Brook, Maine, USA. 
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Table A.8. ICP-AES total metals from the high discharge event on November 9-11, 2005 
for Hadlock Brook, Maine, USA. 
Table A.9. ICP-AES dissolved metals from the high discharge event on November 9-11, 
2005 for Hadlock Brook, Maine, USA. 
Table A. 10. ICP-AES organically-bound metals from the high discharge event on 
November 9-11, 2005 for Hadlock Brook, Maine, USA. 
Table A. 11. ICP-MS total metals from the high discharge event on November 9-11, 2005 
for Hadlock Brook, Maine, USA. 
Table A.12. ICP-MS dissolved metals from the high discharge event on November 9-11, 
2005 for Hadlock Brook, Maine, USA. 
Table A. 13. pH, ANC, dissolved carbon, and acid anions from the high discharge event 
on December 29-30, 2005 for Fernow WS3, West Virginia, USA. 
Table A. 14. ICP-AES total metals from the high discharge event on December 29-30, 
2005 for Fernow WS3, West Virgina, USA. 
Table A. 15. ICP-AES dissolved metals from the high discharge event on December 29-
30, 2005 for Fernow WS3, West Virgina, USA. 
Table A. 16. ICP-AES organically-bound metals from the high discharge event on 
December 29-30, 2005 for Fernow WS3, West Virgina, USA. 
Table A. 17. ICP-MS total metals from the high discharge event on December 29-30, 
2005 for Fernow WS3, West Virgina, USA. 
Table A. 18. ICP-MS dissolved metals from the high discharge event on December 29-30, 
2005 for Fernow WS3, West Virgina, USA. 
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Table A.l. pH, ANC, dissolved carbon, and acid anions from the high discharge event on 
October 7-10, 2005 for East Bear Brook, Maine, USA. 
_ . Distance Sample Site „ upstream Sequence , , 
(m) 
A (weir) 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
B 1 81 
B 2 81 
B 3 81 
B 4 81 
C 1 211 
C 2 211 
C 3 211 
C 4 211 
D 3 275 
D 4 275 
pH 
(closed cell) 
5.96 
5.90 
5.78 
5.39 
5.32 
5.40 
5.40 
5.21 
5.17 
5.59 
5.50 
5.09 
5.10 
4.99 
5.07 
pH 
(equilibrated) 
6.66 
6.27 
6.07 
5.48 
5.35 
5.57 
5.49 
5.28 
5.23 
5.88 
5.66 
5.13 
5.12 
5.07 
5.23 
ANC 
peq/L 
30.6 
17.2 
13.2 
5.4 
2.7 
4.4 
4.4 
2.3 
-0.7 
9.2 
6.9 
-0.9 
-2.6 
-2.5 
1.0 
DIC 
mg/L 
broken 
0.43 
0.38 
0.32 
0.29 
0.46 
0.43 
0.33 
0.40 
0.46 
0.38 
0.35 
0.28 
0.98 
1.28 
DOC 
mg/L 
1.86 
3.84 
4.24 
5.10 
3.55 
3.27 
3.63 
5.06 
3.50 
3.19 
3.74 
5.44 
3.51 
4.88 
3.76 
NH4 
mg/L 
0.05 
-
-
-
CI 
ueq/L 
66 
70 
62 
56 
39 
62 
61 
54 
38 
63 
63 
54 
38 
56 
39 
F 
peq/L 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
<2 
N0 3 
ueq/L 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<1 
<0.1 
so4 
ueq/L 
83 
94 
80 
75 
77 
83 
81 
75 
77 
84 
84 
76 
79 
76 
80 
Charge 
Balance 
102% 
90% 
100% 
99% 
98% 
92% 
97% 
96% 
98% 
98% 
98% 
97% 
97% 
136% 
98% 
Table A.2. ICP-AES total metals from the high discharge event on October 7-10, 2005 
for East Bear Brook, Maine, USA. 
_ , Distance 
_.. Sample Site - upstream Sequence r , . 
(in) 
A (weir) 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
B 1 81 
B 2 81 
B 3 81 
B 4 81 
C 1 211 
C 2 211 
C 3 211 
C 4 211 
D 3 275 
D 4 275 
Total, ICP-AES 
Al 
M9/L 
82 
275 
307 
436 
249 
187 
213 
529 
259 
210 
266 
435 
296 
663 
341 
Be 
M9/L 
0.06 
0.08 
0.10 
0.13 
0.12 
0.09 
0.10 
0.15 
0.13 
0.10 
0.11 
0.15 
0.14 
0.21 
0.15 
Ca 
mg/L 
1.36 
1.23 
1.17 
1.07 
0.87 
0.93 
0.95 
0.98 
0.80 
1.07 
1.05 
0.90 
0.79 
0.90 
0.81 
Fe 
ug/L 
1.40 
29.40 
26.70 
30.40 
8.05 
5.21 
8.02 
26.80 
4.36 
4.60 
7.09 
15.90 
4.91 
26.00 
3.93 
K 
mg/L 
0.13 
0.42 
0.41 
0.33 
0.16 
0.43 
0.41 
0.33 
0.16 
0.36 
0.37 
0.31 
0.15 
0.23 
0.12 
Mg 
mg/L 
0.35 
0.28 
0.27 
0.26 
0.21 
0.24 
0.24 
0.24 
0.21 
0.24 
0.24 
0.23 
0.21 
0.23 
0.20 
Mn 
M9/L 
3.1 
21.4 
23.6 
33.5 
17.0 
13.8 
15.6 
47.2 
18.4 
18.2 
22.0 
33.3 
20.3 
28.5 
13.2 
Na 
mg/L 
2.22 
1.73 
1.67 
1.45 
1.27 
1.72 
1.62 
1.40 
1.25 
1.77 
1.71 
1.41 
1.27 
1.48 
1.34 
Si 
mg/L 
2.02 
1.46 
1.50 
1.49 
1.30 
1.41 
1.45 
1.47 
1.31 
1.53 
1.58 
1.45 
1.30 
1.85 
1.38 
Zn 
Mg/L 
4.5 
4.2 
5.2 
8.4 
7.1 
5.8 
6.0 
9.1 
7.4 
5.9 
7.3 
10.0 
7.6 
7.4 
6.4 
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Table A.3. ICP-AES dissolved metals from the high discharge event on October 7-10, 
2005 for East Bear Brook, Maine, USA. 
Site 
A (weir) 
A 
A 
A 
A 
B 
B 
B 
B 
C 
C 
C 
C 
D 
D 
Sample 
Sequence 
0 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
3 
4 
Distance 
upstream 
(m) 
0 
0 
0 
0 
0 
81 
81 
81 
81 
211 
211 
211 
211 
275 
275 
Al 
pg/L 
73 
144 
170 
275 
226 
150 
191 
298 
247 
183 
231 
365 
281 
397 
322 
Be 
M9/L 
0.06 
0.06 
0.07 
0.10 
0.12 
0.07 
0.09 
0.13 
0.13 
0.09 
0.11 
0.15 
0.13 
0.15 
0.15 
Dissolved (filtered, 
Ca 
mg/L 
1.33 
1.21 
1.16 
1.08 
0.88 
0.88 
0.95 
0.96 
0.80 
1.06 
1.05 
0.90 
0.78 
0.89 
0.82 
Fe 
pg/L 
0.80 
4.98 
6.43 
8.71 
3.59 
2.41 
3.52 
8.31 
3.39 
2.21 
3.74 
9.23 
4.40 
4.52 
3.18 
K 
mg/L 
0.09 
0.42 
0.41 
0.32 
0.16 
0.43 
0.39 
0.33 
0.16 
0.37 
0.38 
0.31 
0.16 
0.93 
0.12 
< 0.45 urn), ICP-AES 
Mg 
mg/L 
0.34 
0.27 
0.27 
0.26 
0.22 
0.23 
0.24 
0.24 
0.21 
0.24 
0.24 
0.23 
0.20 
0.24 
0.20 
Mn 
pg/L 
2.2 
9.9 
11.8 
24.2 
16.7 
12.5 
15.4 
27.3 
18.0 
17.3 
20.9 
31.1 
20.5 
19.6 
12.8 
Na 
mg/L 
2.13 
1.74 
1.68 
1.46 
1.29 
1.66 
1.65 
1.38 
1.27 
1.72 
1.72 
1.39 
1.26 
2.54 
1.37 
Si 
mg/L 
2.05 
1.46 
1.48 
1.40 
1.29 
1.42 
1.46 
1.35 
1.29 
1.53 
1.59 
1.42 
1.27 
1.47 
1.36 
Zn 
pg/L 
3.5 
3.7 
5.2 
8.2 
7.3 
5.2 
6.2 
8.9 
7.4 
6.0 
7.4 
9.9 
7.8 
6.1 
6.4 
Table A.4. ICP-AES organically-bound metals from the high discharge event on October 
7-10, 2005 for East Bear Brook, Maine, USA. 
Site 
A (weir) 
A 
A 
A 
A 
B 
B 
B 
B 
C 
C 
c 
c 
D 
D 
Sample 
Sequence 
0 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
3 
4 
Distance 
upstream 
(m) 
0 
0 
0 
0 
0 
81 
81 
81 
81 
211 
211 
211 
211 
275 
275 
Al 
pg/L 
39.4 
87.7 
98.3 
159 
96.6 
126 
93.7 
147 
91.1 
71.4 
105 
154 
117 
139 
122 
Organic (filtered, < 0.45 um)i 
Be 
pg/L 
0.01 
0.01 
0.01 
0.01 
0.00 
0.00 
0.01 
0.00 
0.00 
0.01 
0.00 
0.01 
0.01 
0.01 
0.01 
Ca 
mg/L 
0.01 
0.03 
0.03 
0.28 
0.01 
#DIV/0! 
0.01 
1.21 
0.00 
0.06 
0.01 
0.01 
0.02 
0.01 
0.02 
Fe 
pg/L 
2.05 
5.08 
6.38 
16.20 
2.44 
42.30 
2.87 
56.50 
2.64 
3.26 
2.99 
6.96 
3.05 
3.42 
2.15 
K 
mg/L 
0.01 
0.03 
0.03 
0.18 
0.01 
2.72 
0.01 
1.95 
0.01 
0.06 
0.01 
0.01 
0.00 
0.01 
0.01 
exchange column), ICP-AES 
Mg 
mg/L 
0.00 
0.01 
0.00 
0.04 
0.00 
0.17 
0.00 
0.12 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 
0.01 
Mn 
pg/L 
-0.82 
-0.66 
-0.56 
1.37 
-0.62 
33.80 
-0.67 
16.90 
-0.84 
-0.30 
-0.68 
-0.50 
-0.29 
-0.71 
-0.57 
Na 
mg/L 
0.03 
0.03 
0.04 
0.20 
0.03 
#DIV/0! 
0.03 
#DIV/0! 
0.05 
0.07 
0.02 
0.02 
0.03 
0.02 
0.03 
Si 
mg/L 
2.30 
1.89 
1.86 
1.63 
1.52 
0.92 
1.84 
0.52 
1.47 
2.00 
2.01 
1.69 
1.54 
1.91 
1.64 
Zn 
pg/L 
0.21 
0.65 
0.62 
8.47 
-0.07 
215.00 
-0.06 
133.00 
-0.06 
1.08 
0.02 
-0.10 
0.26 
0.35 
0.03 
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Table A.5. ICP-MS total metals from the high discharge event on October 7-10, 2005 for East Bear Brook 
_ . Distance 
_.. Sample Site _ upstream Sequence . 
A (weir) 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
B 1 81 
B 2 81 
B 3 81 
B 4 81 
C 1 211 
C 2 211 
C 3 211 
C 4 211 
D 3 275 
D 4 275 
Totai, ICP-MS 
A! 
68 
242 
195 
379 
352 
258 
149 
195 
261 
343 
195 
172 
425 
228 
293 
As 
M9/L 
0.10 
0.26 
0.12 
0.16 
0.19 
0.25 
0.11 
0.10 
0.11 
0.23 
0.12 
0.13 
0.64 
0.13 
0.15 
Ba 
M9/L 
4.4 
4.3 
4.7 
6.2 
7.4 
4.7 
5.3 
5.0 
5.0 
5.9 
5.2 
4.8 
5.7 
5.4 
5.1 
Be 
M9/L 
0.05 
0.07 
0.09 
0.11 
0.14 
0.08 
0.07 
0.10 
0.11 
0.10 
0.07 
0.07 
0.14 
0.08 
0.12 
Ca 
M9/L 
1269 
1146 
815 
832 
937 
1175 
868 
696 
734 
1009 
935 
952 
691 
975 
771 
Cd 
pg/L 
0.125 
0.030 
0.036 
0.046 
0.055 
0.034 
0.033 
0.040 
0.037 
0.045 
0.033 
0.033 
0.040 
0.038 
0.036 
Co 
pg/L 
0.04 
0.20 
0.22 
0.76 
0.54 
0.24 
0.09 
0.23 
0.34 
0.31 
0.12 
0.16 
0.84 
0.25 
0.59 
Cr 
M9/L 
0.09 
0.17 
0.15 
0.18 
0.17 
0.18 
0.10 
0.13 
0.14 
0.22 
0.13 
0.11 
0.17 
0.14 
0.16 
Cu 
ug/L 
0.80 
0.27 
0.20 
0.30 
0.31 
0.28 
0.19 
0.17 
0.21 
0.32 
0.21 
0.20 
0.30 
0.40 
0.49 
Fe 
M9/L 
3.1 
29.4 
9.0 
23.5 
12.6 
23.1 
5.6 
3.5 
4.8 
31.9 
12.1 
5.1 
20.3 
7.3 
4.7 
Mn 
M9/L 
3.5 
20.5 
15.0 
36.3 
28.7 
20.3 
12.0 
15.8 
21.1 
27.8 
17.1 
17.0 
19.3 
21.3 
13.4 
P 
M9/L 
1.31 
3.07 
0.92 
2.66 
2.61 
1.38 
1.05 
0.76 
1.99 
2.67 
2.52 
2.46 
3.62 
2.17 
0.91 
Pb 
pg/L 
0.41 
0.17 
0.07 
0.37 
0.21 
0.20 
0.07 
0.06 
0.09 
0.21 
0.08 
0.06 
0.29 
0.11 
0.08 
S 
pg/L 
1327 
1219 
1024 
919 
1009 
1060 
1085 
1014 
1392 
931 
1390 
1225 
813 
1298 
1315 
Ti 
pg/L 
0.096 
1.430 
0.419 
1.121 
0.562 
1.371 
0.284 
0.188 
0.222 
1.792 
0.551 
0.222 
1.071 
0.339 
0.196 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Table A.6. ICP-MS dissolved metals from the high discharge event on October 7-10, 2005 for East Bear 
USA. 
_ , Distance 
_., Sample Site _ r upstream Sequence r , . (m) 
A (weir) 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
B 1 81 
B 2 81 
B 3 81 
B 4 81 
C 1 211 
C 2 211 
C 3 211 
C 4 211 
D 3 275 
D 4 275 
Dissolved (filtered, < 0.45), ICP-MS 
AJ 
M9/L 
129 
144 
172 
279 
217 
176 
177 
307 
237 
187 
236 
354 
270 
271 
308 
As 
pg/L 
0.15 
0.19 
0.18 
0.18 
0.16 
0.17 
0.14 
0.16 
0.14 
0.17 
3 16 
0.21 
0.17 
0.15 
0.19 
Ba 
ug/L 
4.0 
5.2 
5.2 
6.2 
5.5 
7.3 
5.5 
6.9 
5.5 
5.9 
63 
7.2 
5.5 
5.3 
5.5 
Be 
pg/L 
0.04 
0.04 
0.05 
0.07 
0.07 
0.07 
0.05 
0.08 
0.08 
0,06 
0 07 
0.09 
0.08 
0.07 
0.09 
Ca 
pg/L 
1201 
1338 
1292 
1158 
928 
1162 
981 
1046 
834 
1208 
1121 
985 
800 
708 
833 
Cd 
pg/L 
0.024 
0.033 
0.039 
0.048 
0.084 
0.051 
0.040 
0.054 
0.045 
0.042 
G 048 
0.064 
0.047 
0.046 
0.043 
Co 
pg/L 
0.08 
0.09 
0.11 
0.24 
0.24 
0.11 
0.11 
0.29 
0.27 
0.19 
2- 26 
0.77 
0.39 
0.57 
0.62 
Cr 
pg/L 
0.12 
0.11 
0.13 
0.15 
0.14 
0.11 
0.10 
0.15 
0.14 
0.12 
G 13 
0.62 
0.15 
0.16 
0.16 
Cu 
pg/L 
0.20 
0.20 
0.31 
0.23 
0.22 
0.20 
0.23 
0.25 
0.21 
0.17 
0 19 
0.46 
0.19 
0.30 
0.17 
Fe 
pg/L 
5.7 
4.4 
5.1 
6.8 
2.8 
1.6 
2.3 
6.5 
2.7 
1.8 
3 
9.1 
3.8 
4.5 
2.5 
Mn 
pg/L 
10.0 
9.0 
10.5 
19.9 
14.3 
12.7 
11.9 
22.8 
15.3 
15.3 
1^3 
96.6 
17.2 
16,0 
11.1 
P 
pg/L 
0.56 
0.85 
1.31 
0.91 
0.55 
0.95 
1.02 
0.92 
0.59 
0.74 
0 72 
1.52 
0 6S 
0.3&; 
0.62 
Pb 
pg/L 
0.05 
0.05 
0.08 
0.09 
0.07 
0.06 
0.10 
0.07 
0.05 
0.07 
0.32 
0.10 
0.12 
0.07 
S 
pg/L 
1472 
1580 
1513 
1340 
1391 
1700 
1362 
1406 
1370 
1593 
<558 
2455 
1464 
1048 
1419 
Ti 
pg/L 
0.16 
0.17 
0.20 
0.32 
0.18 
0.16 
0.16 
0.29 
0.18 
0.14 
C 8 
0.30 
021 
0.12 
0.20 
Table A.7. pH, ANC, dissolved carbon, and acid anions from a high discharge event on 
November 9-11, 2005 for Hadlock Brook, Maine, USA. 
„ , Distance 
«... Sample Site _ upstream Sequence . , 
(m) 
A 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
A 5 0 
A 6 0 
B (weir) 0 490 
B 1 490 
B 2 490 
B 3 490 
B 4 490 
B 5 490 
B 6 490 
C 0 995 
C 1 995 
C 2 995 
C 3 995 
C 4 995 
C 5 995 
C 6 995 
PH 
(closed cell) 
6.41 
5.61 
5.63 
5.70 
5.76 
5.83 
6.14 
6.35 
5.19 
5.22 
5.22 
5.25 
5.34 
5.71 
5.91 
5.10 
5.18 
5.16 
5.21 
5.26 
5.45 
pH 
(equilibrated) 
6.98 
5.81 
5.84 
5.92 
6.02 
6.12 
6.52 
6.79 
5.26 
5.29 
5.32 
5.38 
5.42 
6.01 
6.30 
5.15 
5.21 
5.24 
5.37 
5.36 
5,79 
ANC 
ueq/L 
59.6 
9.6 
10.3 
11.7 
12.7 
13.5 
29.0 
40.9 
0.5 
0.5 
3.5 
3.5 
2.6 
13.6 
18.9 
-2.3 
-0.9 
-0.4 
0.9 
1.2 
8.5 
DIC 
mg/L 
1.01 
0.38 
0.38 
0.40 
0.40 
0.45 
0.64 
0.74 
0.33 
0.31 
0.32 
0.32 
0.31 
0.41 
0.54 
0.31 
0.30 
0.29 
0.27 
0.27 
0.38 
DOC 
mg/L 
1.8 
3.76 
3.57 
3.48 
3.37 
3.17 
2.54 
2.0 
4.1 
3.89 
3.8 
3.62 
3.64 
2.94 
2.51 
3.99 
3.75 
3.87 
3.5 
3.28 
2.6 
NH4 
mg/L 
-
-
<0.05 
CI 
ueq/L 
109 
134 
133 
131 
129 
127 
122 
104 
136 
133 
131 
130 
128 
123 
86 
134 
132 
132 
129 
127 
117 
F 
ueq/L 
2.1 
2.5 
<2 
2.1 
2.1 
2.1 
<2 
2.5 
2.2 
2.1 
2.1 
2.1 
2.1 
2.0 
<2 
2.1 
2.1 
<2 
2.1 
2.0 
<2 
N0 3 
ueq/L 
<1 
5.9 
5.2 
4.7 
3.9 
3.3 
1.3 
2.2 
6.7 
6.0 
5.5 
4.8 
4.1 
2.1 
4.2 
9.2 
8.8 
8.6 
8.1 
7.3 
4.8 
S0 4 
ueq/L 
85 
62 
62 
63 
64 
65 
72 
81 
59 
60 
60 
62 
62 
68 
63 
53 
53 
53 
53 
53 
55 
Charge 
Balance 
104% 
104% 
101% 
104% 
103% 
103% 
105% 
106% 
100% 
102% 
102% 
100% 
99% 
101% 
103% 
99% 
103% 
99% 
100% 
96% 
104% 
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Table A.8. ICP-AES total metals from the high discharge event on November 9-11, 2005 
for Hadlock Brook, Maine, USA. 
„ . Distance 
. . . Sample Site _ upstream Sequence , . 
(m) 
A 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
A 5 0 
A 6 0 
B (weir) 0 490 
B 1 490 
B 2 490 
B 3 490 
B 4 490 
B 5 490 
B 6 490 
C 0 995 
C 1 995 
C 2 995 
C 3 995 
C 4 995 
C 5 995 
C 6 995 
Total, ICP-AES 
Al 
pg/L 
113 
245 
224 
218 
203 
188 
116 
107 
300 
329 
280 
267 
266 
191 
136 
278 
263 
253 
240 
224 
167 
Be 
M9/L 
0.09 
0.14 
0.13 
0.13 
0.12 
0.11 
0.08 
0.06 
0.16 
0.18 
0.16 
0.15 
0.14 
0.10 
0.07 
0.14 
0.15 
0.14 
0.13 
0.12 
0.09 
Ca 
mg/L 
1.61 
1.22 
1.20 
1.22 
1.18 
1.19 
1.31 
1.36 
1.06 
1.16 
1.02 
0.99 
0.98 
1.08 
0.98 
1.04 
1.09 
1.04 
1.03 
1.03 
1.03 
Fe 
M9/L 
10.9 
25.4 
19.9 
17.9 
13.8 
12.3 
4.5 
2.9 
28.8 
29.0 
22.5 
19.0 
20.1 
9.3 
7.0 
30.9 
28.3 
25.0 
22.2 
18.8 
9.3 
K 
mg/L 
0.20 
0.26 
0.23 
0.23 
0.22 
0.21 
0.18 
0.17 
0.25 
0.26 
0.21 
0.22 
0.22 
0.19 
0.15 
0.23 
0.21 
0.21 
0.20 
0.18 
0.18 
Mg 
mg/L 
0.43 
0.42 
0.40 
0.41 
0.40 
0.39 
0.40 
0.39 
0.40 
0.44 
0.38 
0.37 
0.37 
0.37 
0.29 
0.37 
0.37 
0.36 
0.35 
0.35 
0.33 
Mn 
Mg/L 
7.0 
11.6 
10.1 
9.1 
7.6 
6.4 
1.2 
1.4 
15.1 
16.3 
13.3 
12.2 
12.3 
6.5 
2.4 
15.7 
14.7 
14.0 
13.0 
11.5 
5.8 
Na 
mg/L 
3.39 
2.87 
2.88 
2.93 
2.93 
2.82 
3.05 
3.02 
2.90 
3.18 
2.85 
2.82 
2.78 
2.87 
2.58 
2.56 
2.66 
2.59 
2.60 
2.57 
2.56 
SI 
mg/L 
2.34 
1.82 
1.83 
1.89 
1.90 
1.93 
2.13 
2.34 
1.82 
2.07 
1.86 
1.86 
1.88 
2.08 
2.15 
1.70 
1.74 
1.75 
1.77 
1.79 
1.99 
Zn 
Mg/L 
2.54 
5.30 
5.69 
4.96 
4.53 
4.26 
2.96 
2.64 
6.73 
7.10 
5.93 
5.91 
5.53 
4.22 
2.94 
5.98 
6.11 
5.67 
5.63 
5.31 
4.22 
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Table A.9. ICP-AES dissolved metals from the high discharge event on November 9-11, 
2005 for Hadlock Brook, Maine, USA. 
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Table A. 10. ICP-AES organically-bound metals from the high discharge event on 
November 9-11, 2005 for Hadlock Brook, Maine, USA. 
_ , Distance 
. . . Sample Site _ upstream Sequence . . M
 (m) 
A 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
A 5 0 
A 6 0 
B (weir) 0 490 
B 1 490 
B 2 490 
B 3 490 
B 4 490 
B 5 490 
B 6 490 
C 0 995 
C 1 995 
C 2 995 
C 3 995 
C 4 995 
C 5 995 
C 6 995 
Organic (filtered, < .45 um)(exchange column), ICP-AES 
Al 
M9/L 
39.8 
111.0 
103.0 
101.0 
94.8 
81.0 
59.4 
55.2 
132.0 
121.0 
121.0 
116.0 
122.0 
86.4 
71.7 
112.0 
113.0 
126.0 
124.0 
104.0 
87.4 
Be 
MQ/L 
0.015 
0.017 
0.012 
0.016 
0.012 
0.012 
0.016 
0.009 
0.013 
0.020 
0.021 
0.017 
0.022 
0.007 
0.019 
0.011 
0.017 
0.018 
0.027 
0.014 
0.012 
Ca 
mg/L 
0.059 
0.025 
0.039 
0.031 
0.026 
0.010 
0.023 
0.047 
0.074 
0.057 
0.047 
0.038 
0.051 
0.052 
0.049 
0.021 
0.051 
0.070 
0.089 
0.035 
0.076 
Fe 
M9/L 
1.3 
15.9 
12.9 
10.4 
7.9 
6.3 
2.4 
1.3 
18.4 
14.7 
13.2 
10.7 
11.1 
4.7 
3.0 
18.8 
18.2 
17.2 
14.9 
11.9 
5.6 
K 
mg/L 
0.005 
0.005 
0.004 
0.004 
0.005 
0.004 
0.005 
0.005 
0.021 
0.011 
0.006 
0.034 
0.006 
0.005 
0.005 
0.004 
0.008 
0.006 
0.007 
0.004 
0.006 
Mg 
mg/L 
0.015 
0.003 
0.002 
0.002 
0.000 
-0.006 
0.004 
0.010 
0.026 
0.018 
0.015 
0.014 
0.020 
0.016 
0.011 
0.000 
0.004 
0.022 
0.029 
0.008 
0.023 
Mn 
pg/L 
-0.797 
-0.534 
-0.624 
-0.645 
-0.697 
-0.834 
-0.805 
-0.793 
-0.335 
-0.124 
-0.165 
-0.224 
-0.032 
-0.471 
-0.717 
-0.624 
-0.347 
0.237 
0.434 
-0.375 
-0.277 
Na 
mg/L 
0.083 
0.039 
0.035 
0.036 
0.030 
0.019 
0.076 
0.072 
0.077 
0.086 
0.087 
0.139 
0.124 
0.100 
0.075 
0.036 
0.051 
0.101 
0.125 
0.062 
0.123 
Si 
mg/L 
2.43 
2.05 
2.10 
2.13 
2.14 
2.20 
2.25 
2.45 
2.09 
1.98 
2.00 
2.00 
2.06 
2.19 
2.22 
1.94 
1.91 
1.96 
1.98 
1.98 
2.12 
Zn 
mil 
2.70 
12.30 
4.53 
0.47 
0.16 
-0.10 
0.03 
9.12 
0.46 
0.98 
0.34 
0.24 
0.57 
0.35 
1.15 
0.30 
0.36 
0.30 
0.40 
0.06 
4.03 
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Table A.l 1. ICP-MS total metals from the high discharge event on November 9-11, 2005 for Hadlock Br 
USA. 
_ . Distance Sample 
S i , e
 Sequence uf>*^™ 
A 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
A 5 0 
A 6 0 
B (weir) 0 490 
B 1 490 
B 2 490 
B 3 490 
B 4 490 
B 5 490 
B 6 490 
C 0 995 
C 1 995 
C 2 995 
C 3 995 
C 4 995 
C 5 995 
C 8 995 
Total, ICP-MS 
Al |jg/L 
95 
184 
198 
170 
151 
180 
89 
80 
240 
239 
219 
221 
229 
152 
118 
227 
216 
209 
180 
172 
131 
AS 
0.08 
0.11 
0,12 
0.10 
0.09 
0.09 
0.08 
0.08 
0.11 
0.11 
0.11 
0.11 
0.10 
0.08 
0.09 
0.11 
0.11 
0.10 
0.10 
0.10 
0.08 
B» yg/L 
3.20 
4.60 
5.07 
4.42 
4.27 
4.11 
3.40 
3.45 
5.15 
5.14 
4.88 
4.93 
4.84 
3.95 
3.06 
5.46 
5.50 
4.99 
4.77 
4.82 
3.80 
Be 
ug-'L 
0.07 
0.11 
0.12 
0.10 
0.10 
0.09 
0.07 
0.06 
0.13 
0.13 
012 
0.12 
0.11 
0.08 
0.06 
012 
0.12 
0.11 
0.10 
0.10 
0.07 
Ca 
1428 
1115 
1250 
1053 
1092 
1185 
1170 
1267 
942 
963 
942 
953 
964 
969 
932 
1042 
1097 
980 
936 
976 
989 
0.02 
0.04 
0.05 
0.04 
0.03 
0.03 
0.02 
0.02 
0.05 
0.05 
0.04 
0.04 
0.04 
0.03 
0.02 
0.05 
0.05 
0.04 
0.04 
0.04 
0.03 
Co 
ngfl-
0.058 
0.084 
0.095 
0073 
0.065 
0.065 
0.028 
0,034 
0.122 
0.122 
0115 
0.115 
0.113 
0.092 
0.027 
0.116 
0.117 
0.097 
0.089 
0.078 
0.043 
Cr 
M9/L 
0.058 
0.071 
0.092 
0.071 
0.069 
0075 
0.063 
0.058 
0.083 
0,089 
0.085 
0.083 
0.093 
0.071 
0.057 
0.075 
0078 
0070 
0,066 
0.072 
0,064 
Cu 
M9«-
0.171 
0.116 
0.487 
0.086 
0.084 
0.094 
0.100 
0.107 
0.220 
0.226 
0.575 
0.154 
0.118 
0.164 
0.138 
0.103 
0.424 
0.341 
0.088 
0.073 
0.133 
Fe 
10.3 
17.7 
18.2 
14.0 
10.2 
13.3 
3.8 
3.3 
18.8 
16.5 
15,0 
13.0 
15.4 
7.2 
6.8 
20.1 
18.2 
17.2 
13.6 
12.2 
7.3 
Mn 
Mg/L 
6.9 
9.8 
10.2 
7.8 
6.2 
7.6 
1.7 
1.9 
13,0 
12.6 
11.6 
11.0 
12.4 
5.9 
2.9 
13.4 
12.9 
12.8 
10.4 
9.8 
5.4 
P 
pg/L 
0.88 
1.58 
4.85 
1.57 
1.07 
2.16 
0.47 
0.75 
1.05 
1.17 
0.98 
0.87 
0.97 
0.68 
1.00 
1.19 
1.55 
1.29 
0.67 
0.76 
0.83 
Pb 
MQ/L 
6.92 
979 
10.16 
7.84 
6.21 
7.61 
1.65 
1.87 
1296 
12.64 
11.64 
11.01 
12.42 
5.93 
2.92 
13.42 
12.85 
12.85 
10.44 
9.80 
5.38 
S 
ug'L 
1170 
768 
883 
780 
735 
1160 
869 
1063 
826 
871 
812 
859 
1002 
894 
948 
703 
698 
748 
650 
666 
709 
T i 
Mg/L 
0.20 
0 29 
0.26 
0 2 0 
0.17 
0.17 
0.10 
0.06 
0.29 
024 
026 
026 
0.24 
0.14 
0.12 
0.31 
029 
0.25 
0.22 
0.21 
0.11 
Table A. 12. ICP-MS dissolved metals from the high discharge event on November 9-11, 2005 for 
Maine. USA. 
„ , Distance Sample Site upstream Sequence F , , 
(m) 
A 0 0 
A 1 0 
A 2 0 
A 3 0 
A 4 0 
A 5 0 
A 6 0 
B (weir; 0 490 
8 1 490 
B 2 490 
B 3 490 
B 4 490 
B 5 490 
B 6 490 
C 0 995 
C 1 995 
C 2 995 
C 3 995 
C 4 995 
C 5 995 
C 8 995 
Dissolveti (filtered, < 0.45), ICP-MS 
Ai yg/L 
67 
233 
216 
195 
194 
224 
112 
109 
290 
282 
266 
254 
203 
180 
122 
261 
254 
243 
238 
211 
164 
As 
0.09 
0.14 
0.14 
0.13 
0.12 
0.12 
0.12 
0.12 
0.16 
0.14 
0.14 
0.14 
0.11 
0.12 
0.12 
0.15 
0.15 
0.15 
0.14 
0.13 
0.12 
Ba pg/L 
3.44 
5.20 
5.14 
4.79 
4.51 
4.47 
4.39 
4.47 
6.04 
5.77 
5.57 
5.26 
4.25 
4.29 
3.41 
6.09 
5.73 
5.91 
5.47 
5.10 
4.04 
Be 
MQ/L 
0.04 
0.08 
0.08 
0.08 
0.07 
0.07 
0.06 
0.05 
0.10 
0.10 
0.09 
0.09 
0.07 
0.07 
0.04 
0.09 
0.09 
0.09 
0.08 
0.08 
0,06 
Ca 
M9/L 
1679 
1337 
1284 
1312 
1309 
1722 
1505 
1466 
1122 
1081 
1074 
1063 
845 
1163 
1025 
1118 
1181 
1104 
1170 
1086 
1093 
Cd 
pg/i-
0.02 
0.05 
0.05 
0.04 
0-04 
0.04 
0.03 
0.03 
0.06 
0.05 
0.05 
0.06 
0.04 
004 
0.02 
0.06 
0.06 
0.05 
0.05 
0.05 
0.03 
Co 
pg<'i-
0.019 
0.090 
0.084 
0.084 
0.073 
0.083 
0.030 
0.041 
0.137 
0.127 
0.136 
0.134 
0.100 
0.103 
0.020 
0.121 
0.118 
0.112 
0,112 
0.093 
0.045 
Cr 
pgfl-
0,052 
0.086 
0.084 
0.081 
0.082 
0.121 
0.074 
0.060 
0.090 
0.094 
0.089 
0091 
0095 
0,086 
0,058 
0.073 
0.086 
0.080 
0,077 
0.074 
0070 
Cu 
pgfl-
0.050 
0.106 
0.069 
0.070 
0.061 
0.081 
0.060 
0.058 
O.OSO 
0.090 
0-070 
0.058 
0119 
0.063 
0.045 
0053 
0.100 
0.055 
0 062 
0.045 
0044 
Fe 
MS'l-
2.4 
20,6 
16.1 
14.4 
11.5 
11.9 
4.3 
3.1 
23.5 
20.6 
18,8 
16.4 
16,7 
8.3 
50 
23.8 
23.6 
21.7 
18.9 
16,7 
7,7 
Mn 
0.8 
10,2 
8.9 
7,9 
7.0 
6.8 
1.8 
2.0 
12.9 
12.3 
11.8 
11.0 
10.2 
6.3 
2.1 
13.4 
13.6 
13.0 
12.0 
10.5 
5.6 
P 
pg/L 
0.70 
0.86 
1,27 
1.18 
1.15 
2.18 
0.78 
0.39 
0.53 
0.57 
0.59 
0.53 
0.27 
0.39 
0.43 
0.57 
0.82 
0.49 
0,51 
1.15 
0.58 
Pb 
pgfl-
0.02 
0.07 
0.06 
0,05 
0.04 
0.04 
0.03 
0.02 
0.10 
0.09 
0.08 
0.08 
0.07 
0,04 
0,04 
0.11 
0.12 
0.10 
0.09 
0.07 
0,04 
s 
MS* 
1578 
1185 
1158 
1170 
1171 
1501 
1371 
1523 
1106 
1106 
1140 
1174 
825 
1264 
1166 
969 
1029 
1028 
1024 
965 
1024 
Table A. 13. pH, ANC, dissolved carbon, and acid anions from a high discharge event on 
December 29-30, 2005 for Fernow WS3, West Virginia, USA. 
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Table A.14. ICP-AES total metals from a high discharge event on December 29-30, 2005 
for Fernow WS3, West Virginia, USA. 
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Table A. 15. ICP-AES dissolved metals from a high discharge event on December 29-30, 
2005 for Fernow WS3, West Virginia, USA. 
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Table A. 16. ICP-AES organically-bound metals from a high discharge event on 
December 29-30, 2005 for Fernow WS3, West Virginia, USA. 
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Table A. 17. ICP-MS total metals from the high discharge event on December 29-30, 2005 for Fernow W 
Virginia. USA. 
„ , Distance 
_ „ Sample Site _ upstream Sequence , . 
(m) 
A ! o 
A
 2 0 
A
 3 0 
A
 4 0 
A
 5 0 
A
 6 0 
A
 7 0 
A g o 
8
 1 97 
B
 2 97 
B
 3 97 
8
 4 97 
8
 5 97 
8
 6 97 
8
 7 97 
8
 8 97 
c
 1 233 
c
 2 233 
c
 3 233 
c
 4 233 
C
 5 233 
c
 6 233 
C
 7 233 
C 8 233 
Total, ICP-MS 
Al MS/1-
40 
59 
57 
59 
64 
59 
61 
62 
55 
62 
55 
61 
60 
44 
83 
58 
55 
62 
42 
58 
57 
62 
65 
60 
As 
MS/1-
0.023 
0.028 
0.028 
0.027 
0.035 
0.027 
0.026 
0.028 
0.024 
0.031 
0.027 
0.028 
0.026 
0.024 
0.038 
0,023 
0.026 
0.029 
0.024 
0.026 
0.028 
0.026 
0.027 
0.023 
Ba pg/L 
78 
90 
90 
90 
91 
88 
91 
93 
85 
92 
88 
90 
92 
79 
131 
92 
86 
92 
77 
93 
88 
90 
90 
88 
Be 
M9/I-
0.123 
0.148 
0.151 
0.151 
0.149 
0.146 
0.147 
0.155 
0.143 
0.149 
0.147 
0.146 
0.150 
0.121 
0.212 
0,154 
0.140 
0.154 
0.119 
0.150 
0.145 
0.147 
0.149 
0.143 
Ca 
M9/L 
2417 
2567 
2558 
2562 
2541 
2416 
2427 
2687 
2464 
2563 
2165 
2598 
2465 
2233 
3325 
2475 
2309 
2653 
2356 
23S8 
2521 
2460 
2492 
2630 
Cd 
pg/L 
0.217 
0.329 
0.348 
0.319 
0.345 
0.338 
0.329 
0.363 
0.303 
0.353 
0.344 
0.326 
0.347 
0.240 
0.475 
0.347 
0.312 
0.346 
0.226 
0.340 
0.330 
0.322 
0.347 
0.325 
Co 
M9/L 
0.044 
0.202 
0.211 
0.230 
0.299 
0.233 
0.311 
0.311 
0.178 
0.270 
0.234 
0.252 
0.294 
0.054 
0.462 
0.285 
0.179 
0.254 
0.047 
0.274 
0.250 
0.298 
0.357 
0.272 
Cr 
ug/L 
0.028 
0.041 
0.043 
0.047 
0.041 
0.041 
0.034 
0.039 
0.031 
0.037 
0.036 
0.038 
0.037 
0.029 
0.052 
0.039 
0.035 
0.036 
0.048 
0.035 
0.041 
0.033 
0.040 
0.038 
Cu 
ug/L 
0.175 
0.112 
0.116 
0.106 
0.227 
0.149 
0.118 
0.165 
0.199 
0.098 
0.114 
0.135 
0.187 
0.097 
0.179 
0.105 
0.099 
0.124 
0.112 
0.114 
0.112 
0.123 
0.225 
0.121 
Fe 
M9/L 
2.41 
7,73 
3,57 
4.73 
9.16 
4,08 
3.79 
6.15 
5.17 
8,31 
3,87 
6.31 
5.55 
2.56 
4,90 
1.87 
5.57 
8.07 
2.21 
4.90 
3.10 
3,77 
5.91 
2.78 
Mrt 
13 
31 
33 
31 
36 
34 
33 
36 
28 
34 
31 
31 
33 
18 
45 
33 
28 
34 
15 
31 
33 
34 
37 
35 
P 
MS'L 
0.84 
0.43 
0.67 
0.44 
0.98 
0.58 
0.38 
0.16 
0.62 
0.44 
0.28 
0.84 
0.18 
0.29 
0.56 
0.29 
0.24 
0.32 
0.60 
0.37 
0.37 
0.44 
0.56 
0.53 
Pb 
M9/L 
0.042 
0.042 
0.037 
0.038 
0.062 
0.038 
0.053 
0.050 
0.047 
0.069 
0.045 
0.059 
0.054 
0.030 
0.049 
0.033 
0.034 
0.053 
0.022 
0.044 
0.031 
0.034 
0.050 
0.041 
S 
1600 
1909 
1752 
1792 
1861 
1672 
1788 
1727 
1865 
1802 
1484 
1812 
1573 
1395 
2305 
1520 
1772 
1814 
1787 
1673 
1600 
1947 
1763 
1642 
Tl 
MS/1-
0.024 
0.072 
0.026 
0.033 
0.056 
0.041 
0.029 
0.031 
0.032 
0.040 
0.025 
0.052 
0.035 
0.017 
0.045 
0.015 
0.025 
0.048 
0.041 
0.035 
0.027 
0.033 
0.057 
0.031 
Table A. 18. ICP-MS dissolved metals from the high discharge event on December 29-30, 2005 fo 
Virsinia. USA. 
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Appendix B 
DIFFERENCE IN OPERATIONALLY DEFINED "DISSOLVED Al" AND 
"PARTICULATE Al" USING 0.2 ^m AND 0.45 i^m FILTRATION 
Difference in Operationally Defined "Dissolved Al" and 
"Particulate Al" using 0.2 jj,m and 0.45 [im Filtration 
Alice Doughty 
Geochemistry - ERS 521 
University of Maine 
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ABSTRACT 
Depending on the filter size used in other experimental methods, the amount of 
particulate aluminum (Alp) in the sample will vary. Commonly a 0.45 fxm filter is used to 
calculate Alp, but smaller particulate matter can pass through this size filter. The 0.2 um 
filter is therefore used by some scientists to obtain, what they think is, a more accurate 
measurement. Stream water samples from Hadlock Brook, Maine, U.S.A. were filtered 
with both the 0.2 urn and the 0.45 |im filters to determine the amount of particulate 
aluminum (Alp) that is trapped by the 0.2 |jm filter after flowing through the 0.45 |im 
filter. The 0.2 uin filter caught more Alp (almost double the amount in several samples) 
than the 0.45 (im, but because both amounts of Alp are under the laboratory instrument 
detection limit, the difference is inconsequential. 
INTRODUCTION 
Precipitation in Maine is strongly acidic, so when rain encounters soil surfaces 
and percolates into stream waters, the pH of the brook decreases (Norton et al. 2004). 
This drives speciation, ion exchange, and other chemical processes that affect the 
mobility of aluminum (Bailey et al. 1995). Recent concern about the toxicity of the 
aluminum species Al+++ (Kopacek et al. 2005) has inspired acidification studies of small 
brooks (Norton et al. 2000 for example) to look at the buffering effects soils have on 
acidic precipitation and also Al speciation and mobility in the soil solution and stream 
water. 
To calculation Al+++, a water sample is analyzed for total Al (Alt). A separate 
sample is taken to measure particulate aluminum (Alp). Subtracting Alp from Alt yields 
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the amount of dissolved aluminum (Alj). Ala consists of organically-bound aluminum 
(Al0) and inorganically-bound aluminum (Ali). Ali is distributed among at least four 
species; Al+++, Al(OH)++, Al(OH)2+ and Al(OH)4~ which are calculated using equilibrium 
equations. 
Most scientists (Navratil et al. 2003, Reinhardt et al. 2003, Ferrier et al. 1992) 
filter water with a 0.45 |im filter. Driscoll of Syracuse and Probst of France (indirect 
personal correspondence 2005) believe 0.45 Jim is too large, allowing small particulate 
matter to pass through, leading to high estimations of dissolved metals, including 
aluminum. Overestimating Ala distorts the remaining calculations with Al0 and each of 
the four inorganic species. Because Al+++ is toxic to biota (Cronan and Schofield 1979), 
a high concentration of this species will cause greater concern, even though it could just 
be an exaggerated number due to the filter size. Comparing the amounts of Alp from a 
0.45 \im and a 0.2 |nm filter shows us the importance of precise scientific methods, 
problematic comparison between scientific methods, and the consequences of using a 
larger filter size. 
METHODS 
SITE DESCRIPTION 
A temporary experimental acidification of Hadlock Brook, Bar Harbor, Maine, 
U.S.A. was used to collect data about the acid neutralizing effects of the brook bottom 
and the change in total chemistry (especially aluminum) over time and distance. Hadlock 
Brook is located on Mount Desert Island, Maine, east of Somes Sound (Fig. 1). The 
drainage area is 0.18 square miles and the USGS gage for this brook is at an elevation of 
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570 feet above sea level (Fig. 1, USGS 2005). This USGS gage records the discharge in 
cubic feet per second throughout the day year-round. Our sampling date was October 29, 
2005 after a large rain event occurred on October 25-26 2005. 
Figure 1 - USGS discharge Station 01022860 Figure 2 — Site map of the sampling stations 
Neither map is to scale 
Hadlock Brook location on Mount Desert Island (USGS 2005). 
Diluted acid (HC1) was added to the brook at a slow and steady rate, allowing H+ 
to exchange with other cations on stream substrates (Navratil et al. 2003). We sampled 
Hadlock Brook at four stations spaced out over 75m (Fig. 2). Site A (2m above acid 
input), is the reference site, sampled at the beginning and near the end of acidification. 
Site B is 1 lm below acid input. Site C is 38m below acid input. Site D is 73m below 
acid input and is the furthest from the acid addition. 
TREATMENT AND SAMPLING 
At each station (site A through D), seven samples were taken at designated times. 
A syringe was used to obtain water for closed cell pH measurements of the stream water. 
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Al0 was measured directly from the stream water and then used to calculate Alj. Two 
samples were filtered in the field using 0.2 and 0.45 \xm, acidified, and stored until 
analysis. Samples were analyzed within a week of collection to limit any chemical 
reactions that could occur in the container. This protocol was followed to limit 
contamination and optimize consistency with other experiments. After the raw data of 
Alt, DOC, and pH were measured then Al; and the percent of each Al species were 
calculated. The laboratory instruments have ranges and accuracies as indicated in Table 
1. 
analyte 
pH (closed 
cell) 
Al, 
monomeric, 
tot and org 
DOC 
Al, tot diss 
EMAP critical 
holding time 
3 days 
7 days 
14 days 
6 months 
detection 
limit 
na 
"lOug/L 
0.1 mg/L 
10|jg/L 
cone. Range 
<5.74 
>5.75 
5300 ug/L 
^ m g / L 
>2mg/L 
^00ug/L 
>100ug/L 
precision 
objective 
± 0.075 
±0.15 
±10ug/L 
±1.0mg/L 
± 5 % 
±10ug/L 
± 10% 
net accuracy 
objective 
± 0.025 
±0.05 
± 5 ng/L 
± 0.1 mg/L 
± 5 % 
± 5 ug/L 
± 5 % 
Table 1 - Ranges and accuracies for each sample analysis in this laboratory. 
RESULTS 
Acid addition to the brook affected the chemistry from the acid input site 
downstream. The acid plume interacts with the stream substrate. Site B was the first to 
respond to the acid and the first to rebound after the acid stopped. With the addition of 
HC1, pH decreases due to the higher concentration of H+ (Fig. 3). This sharp and drastic 
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decrease in pH is what drives the aluminum speciation and cation exchange with the 
brook's substrates. 
Acidificaiton of Sites A, B, C and D over Time 
Acid Off" (307 min) 
150 200 250 
Time (min) 
300 350 400 
Figure 3 — Changes inpH at each site over time. 
Aid stayed relatively stable, with Alj increasing during acidification, then 
decreasing as the brook recovers (Fig. 4). As the pH decreases, the speciation shifts from 
mostly Al(OH)2+ to Al+++ (Fig. 5) showing the significant impact that acid (and acid rain) 
can have on a brook leading to toxicity problems downstream. 
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Aluminum in Hadlock Brook at Site B over time 
138 
Site B (min) 
259 307 312 
(Acid Off) 
Figure 4 — Dissolved aluminum at Site B during acidification and recovery. 
Aluminum Speciation at Site B over Time During Acidification 
(PH) 
5.751 5.324 4.947 4.753 4.620 6.250 6.271 100% -r-
90% -
80% 
70% 
60% 4 
50% 
40% 
30% 
20% H 
10% 
0% J 
I 
I I 
I 
22 259 312 
307 
357 
• totdisAI 
• Alo 
DAIi .45 
• AI(OH)4-
• AI(OH)2+ 
• AI(OH)++ 
DAI+++ 
40 63 138 
Site B during Acidification and Recovery (min) 
Figure 5 - Aluminum speciation at Site B during acidification, the last two columns are recovery. 
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Particulate Al greater than 0.45 and 0.2 um filter 
Site A Site B Site C Site D 
Sites during Experiment 
Figure 6 - Amounts of particulate aluminum for 0.2 /Jm and 
0.45 [Mn filters at each site during the experiment. Sites B and C each 
had one negative measurement, so the bar shows a value of zero. 
Successively paired columns are at advancing times. 
• Alp>0.2 
HAIp>0.45 
Each site varies in chemical composition by the mixing and interaction of stream 
water to soil solution and substrate (Lawrence et al. 1986). The Alp > 0.2 [im amounts 
should be equal to or greater than the amounts measured by the 0.45 |im filters, but field 
and laboratory error will produce numbers showing a reversal (Fig. 6). The detection 
limit for the instrument used in this experiment is 10 |lg/L with a precision objective of 
+/- 10 (ig/L and a net accuracy objective of+/- 5 |lg/L. Almost all of these data are under 
10 |ig/L, and differences are commonly < 2 (ig/L the amounts are too small to make any 
real quantitative statements comparing the two filter sizes. The > 0.2 and > 0.45 
particulates are indistinguishable. 
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DISCUSSION 
Problematic errors in this experiment revolve around the collection of samples. If 
the sample (cc pH for example) is not taken properly, the results yield misleading and 
false numbers. Many factors could throw off the detection instruments in the lab such as 
a drop of water from a tree or an air born particle from the field. The time between 
collecting samples and measuring concentrations in the laboratory is limited and specific 
to the type of test needed to decrease the variation in measurements, and those procedures 
were followed. One major problem is the time it takes to get at each station to collect the 
set of seven samples for each time period. It takes up to ten minutes to collect the suite of 
samples from one site, thus the first sample in the suite is not the exact same stream water 
as the last sample. The 0.2 |im filtration adds time to this problem because of the 
difficulty associated with pushing water through a filter that small. If the stream is 
changing chemistry rapidly, then the two filtered samples have different stream water and 
therefore different water chemistry depending on the lag of time between filling the 
syringes. 
The difference in the amount of particulate matter captured by a 0.45 |jm filter 
and a 0.2 |im filter is apparent but small (Fig. 6) and not outside the range of analytical 
error. Only analysis with instrument detection levels less than 1 (Xg/L could assess the 
influence of different filter sizes. Because of the time and effort needed to use a 0.2 (xm 
filter, it should be used only when necessary and when applicable to the detection limits 
of the laboratory machines. For the work completed here, the data obtained from the 0.45 
|im filter appears adequate. 
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CONCLUSIONS 
A 0.45 |im filter is adequate for the stream and flow conditions we investigated 
for the following reasons: 
1. The detection limit, accuracy and precision of our laboratory instruments are not 
sufficient to determine concentrations less than 5 fig/L. 
2. Particulate matter was only a small portion of dissolved aluminum and the difference 
the 0.2 Jim filter makes does not affect the results dramatically. 
3. Most studies in brooks are aimed to look at chemical changes, not just the particulate 
matter, during acidification or rain events. 
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Appendix C 
THE RELIABILITY OF CATION EXCHANGE COLUMNS WITH SOLUTIONS 
CONTAINING ALUMINUM 
The Reliability of Cation Exchange 
Columns with Solutions Containing 
Aluminum 
Abstract: Ion exchange columns used to separate charged and uncharged 
aluminum species in natural waters were tested for efficiency, capacity and 
repeatability. The study suggests that the ion exchange resin is efficient at 
removing charged Al species at several different push rates. The exchange 
capacity of each column is at least 600ug of charged Al, or 1.5 liters of a 
400pg/L solution. There were insignificant differences between the Al 
exchange performances of two different columns, suggesting good 
repeatability among columns. 
We sought answers to three questions. 
1. Does the rate at which a solution is pushed through a column of ion-exchange 
resin change the quantity of charged aluminum removed by the resin? 
2. How many high aluminum samples can be passed through ion exchange columns 
with no regeneration before performance deteriorates? 
3. How similar are the results of two columns used to exchange the same natural 
solution (stream water)? 
Methods 
We packed two glass columns (Kontes™ brand, 1.0 x 20.0 cm) with new ion exchange 
resin (Dowex™ HCR-S Cation Exchange Resin, H+ Form). Glass wool plugged the top 
and bottom of the exchange resin. The resin was flushed with deionized water (DIW) and 
then stored in regenerant solution (0.008% HCl, 0.575 g/L NaCl). In the laboratory, we 
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prepared a solution of inorganic aluminum by adding 0.5 mL of SPEX™ brand aqueous 
aluminum standard (1000 mg/L Al from A1(N03)3, 2% HN03, Lot # 0-89AL) to 
deionized water (DIW) to a volume of 1000 mL. We used Nalgene™ bottles made of 
PCA-C Teflon™. The pH of the laboratory-prepared solution was 4.04, which should 
have been low enough to keep all of the aluminum in a positive ionic state, according to 
the following solubility calculation for Al(OH)3: 
Al(OH)3 + 3H+ = Al3+ + 3H20 
/ I \ 
Free energies of formation: -275.9 -116.9 -170.07 
(Kcal/mole) 
-275.9 * -286.97 
AG = -11.07 
logKeq = 
^ 2.303RT 
11.07 (2.303)(0.001987)(298.15) 
logK = 8.1 
[Al3+] 
l o g K = i - — r =8.1 5
 [H+]3 
log[Al3+] - [ H + ] 3 =8.1 
moles 
l o g l . 8 5 x l 0 - 5 _ [ ^ =31og[H+]+8.1 
500 ng/L 
-4.7 = 31og[H+] +8.1 
-12.8 = 31og[H+] 
log[H+] =-4.27 
pH = 4.27 at saturation, and the pH of the solution was 4.04. 
However ,_after several days of sitting undisturbed in the bottle, the laboratory-prepared 
solution contained only 400 ug/L Al, rather than the calculated 500 ug/L. It is possible 
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that an aluminum precipitate had formed or aluminum had adsorbed to the side of the 
bottle. The manufacturer's standard solution is made with 2% HNO3, so a combination of 
Al and NO3 could be considered as a possible precipitate, but A1(N03)3 is a very 
soluble salt, so it is not likely to have precipitated. This leaves Al(OH)3 as the other more 
likely possibility. 
The laboratory-prepared solution was then acidified to a pH of <2. When this more acidic 
solution was analyzed, the [Al] was 507 ug/L, very close to the calculated 500 ug/L. This 
is further evidence that a solid Al phase had precipitated in the original solution, which 
dissolved after addition of acid. For all of the exchange column tests in this study the 400 
p,g/L, pH 4.04 solution was used. 
All tests were performed by two persons working simultaneously, each with an ion 
exchange column (A or B). Samples were collected in 60 mL Nalgene™ polypropylene 
bottles and acidified with 5 drops of 10% HNO3 within one hour. 
All analyses for aluminum were done with a Perkin-Elmer Model 3300XL Inductively 
Coupled Plasma Atomic Emission Spectrometer (ICP-AES). The ICP-AES analytical 
method for measuring Al is based on EPA method 6010B Inductively Coupled Plasma 
Atomic Emission Spectrometry, rev. 2 1996. Laboratory QA defines the aluminum 
reporting limit for this method as 10 ug/L and precision at +/- 10 ug/L. 
Before the first trial and between each trial, 60 mL of DIW were pulled into plastic 
syringes from a beaker. The syringes were attached to the tops of the exchange columns 
using a luer lock, and the regenerant (or previous sample) was flushed from the resin 
using 60 mL of DIW. 
Methods for Question 1: Sixty mL of the 400 ug/L Al solution was pulled into syringes, 
the syringes were attached to the exchange columns, and 10 mL was pushed through as a 
column and collection bottle rinse. The remaining 50 mL were then pushed through the 
column. This procedure was performed for five samples at five different push rates (10, 
15, 25, 40, and 60 mL/minute). The columns were flushed with DIW but not regenerated 
between any of these trials. 
Methods for Question 2: The resin in the columns was regenerated, then flushed with 
DIW. Thirty 50 mL samples of the 400 ug/L Al solution were pushed through each 
exchange column with no regeneration of the resin (but with a DIW rinse after each 
sample). A consistent push rate of 15 mL/minute was used. 
Methods for Question 3: Two workers, each with an ion exchange column, 
simultaneously collected ten natural water samples from the same location from a high-
aluminum stream (an inlet to Mud Pond, in Township T10 SD, Hancock County, Maine). 
Each sample was pushed through an in-line 0.45 urn filter placed between the syringe and 
the exchange column. The exchange columns were regenerated (with a solution of 
0.008% HC1, 0.575 g/L NaCl) after the first six samples of stream water were pushed 
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through the columns. Then the remaining four stream samples were pushed through the 
columns. To check the performance of the resin after natural water had been exchanged 
through it, samples of the 400 u.g/L laboratory-prepared Al test solution were run through 
an in-line filter and the exchange columns. A consistent push rate of 15 mL/minute was 
used. Finally, samples of filtered and unfiltered stream water were brought back to the 
laboratory for determination of dissolved aluminum and total aluminum. 
Results 
Question 1: The Push Rate Test 
Does the rate at which a solution is pushed through 
a column of ion-exchange resin change the quantity 
of charged aluminum removed by the resin? 
The aluminum concentration in the exchange column eluent for all push rates was less 
than the 10 ug/L analytical detection limit of the ICP-AES (Table 1). The column 
removed 400 ug/L(+/-10 (xg/L) of charged Al from the 400 [ig/L Al laboratory-prepared 
solution (Figure 1). In all but one sample, less than 1% of the initial ionic aluminum 
remained in the eluent, so the exchange columns were still quite effective at higher push 
rates. 
Push Rate 
(mL/minute) 
10 
15 
25 
40 
60 
Column A [Al] 
(ug/L) 
<10 
<10 
<10 
<10 
<10 
Column B [Al] 
(ug/L) 
<10 
<10 
<10 
<10 
<10 
Table 1: Comparison of [Al] in the 
discharge from two exchange 
columns (A and B) with different 
operators at varying push rates. 
The analytical detection limit for 
Al in this study is 10 ug/L. 
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Figure 1: [Al] in exchange column eluent using push rates of 10, 15, 25, 40 
and 60 mL/min. Initial concentration of Al (exchangeable + 
unexchangeable) is 400 ug/L and the analytical detection limit is 10 ug/L. 
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Question 2: The Capacity Test 
How many high aluminum samples can be passed through 
ion exchange columns with no regeneration before 
performance deteriorates? 
Figure 2: Change in unexchanged [Al] collected from samples using two exchange columns (A and 
B) over time with no regeneration of the columns. The volume of each sample was 50 mL and the 
initial concentration of each sample was 400 ug/L. 
The concentration of Al in the eluent (unexchanged or organically bound Al) of 
two columns was <10 ug/L over the course of exchange of 30 samples (Figure 2). 
Therefore the exchange capacity of each column for charged Al is at least 600 ug (30 X 
0.050 L X 400 ug/L = 600 ug Al). In this study we did not put through enough charged 
Al to exceed the exchange capacity and the actual exchange capacity may be greater than 
600 ug. The results of the capacity test support the effectiveness of the current field 
method in which the columns are regenerated after every five surface water samples. The 
columns would only be exceeded in less than 5 sample exchanges if the surface water 
samples contained ~2400 ug/L of charged Al or other charged species. 
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Question 3: The Test of Reliability in the Field 
How precise are the results of two columns used to 
exchange the same natural solution? 
Unfiltered water from Mud Stream had a total concentration of [Altot]= 346 ug/L. 
Dissolved aluminum in the same water (passed through a 0.45 urn filter in the field) was 
[Al diss]= 323 (ig/L. The two sampling locations were less than one meter apart, so we 
assume that the [Al diss] in the stream water was the same at each location. Figure 3 shows 
the dissolved unexchanged Al concentrations from samples exchanged through two 
columns simultaneously in the field. 
Figure 3: Variability of dissolved unexchanged Al from the eluents of two exchange 
columns operated by individuals working simultaneously at Mud Stream ([Aldiss] = 323 
ug/L). The stream water was passed through an in-line 0.45um filter prior to exchange. 
The values for the two columns are not significantly different (p=0.19). The average 
difference between the two columns for all of the tests was about 3 iig/L of dissolved 
unexchanged aluminum. 
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Discussion 
1. Does the rate at which a solution is pushed through a column of ion-
exchange resin change the quantity of charged aluminum 
removed by the resin? 
The ion exchange resin appears to work very efficiently even at higher rates of 
flow through the exchange columns. The resin effectively removed 400 |j,g/L +/-10 p,g/L 
exchangeable (charged) Al at all push rates. Any differences in effectiveness of the push 
rates were less than the analytical limits for Al determination for this study, and were 
therefore insignificant. 
2. How many high aluminum samples can be passed 
through ion exchange columns with no regeneration before 
performance deteriorates? 
The ion exchange resin appears to work with very little deterioration in 
performance even after many high [Al] samples have been exchanged. After exchanging 
30 samples of [Al] = 400 |ig/L, the mean of [Al] appearing in the eluent increased by an 
amount less than the analytical detection limit for Al in this study. This finding leads to a 
confirmation of standard field procedure which is that the ion exchange resin be 
regenerated after five samples have been exchanged. 
3. How precise are the results of two columns used to exchange the same 
natural solution? 
All three tests offer information in answer to this question. In all tests, the 
differences in Al concentration between the eluent from two different columns were less 
than the precision of the analytical method for measuring Al concentration in this study. 
The conclusion is that any two similarly prepared columns will be equally efficient at 
removing charged Al from natural surface waters or laboratory-prepared Al solutions. 
Future Studies 
The exchange method evaluated in this study is effective for speciating Al in laboratory-
prepared or natural surface waters, assuming that a precision of+/-10 [xg/L is sufficient 
for a particular application. Further studies may include a more precise method for 
analysis of Al, in order to determine the effectiveness of the columns at speciating lower 
levels of Al. Future studies may also include quantifying the effectiveness of the 
exchange columns for speciating Al in water with high dissolved organic carbon or other 
matrix constituents. 
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Appendix D 
FIELD REPLICATE WATER CHEMISTRY 
Field replicate water chemistry for East Bear Brook and Hadlock Brook, Maine, USA. 
Field replicates were not collected for Fernow WS3. 
Table D.l. Field replicates for sample type 1 for East Bear Brook and Hadlock Brook, 
Maine, USA. 
Table D.2. Field replicates for sample type 2 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Table D.3. Field replicates for sample type 2 from the ICP-MS for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Table D.4. Field replicates for sample type 3 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Table D.5. Field replicates for sample type 3 from the ICP-MS for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Table D.6. Field replicates for sample type 4 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Table D.7. Field replicates for sample types 5 and 6 for East Bear Brook and Hadlock 
Brook, Maine, USA. 
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Table D. 1. Field replicates for sample type 1 for East Bear Brook and Hadlock Brook, 
Maine, USA. 
Research Site 
replicate 1 
East Bear Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
replicate 1 
Hadlock Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Equilibrated 
pH 
6.17 
6.20 
6.14 
0.03 
6.17 
0.5% 
5.93 
5.94 
5.94 
0.00 
5.94 
0.1% 
ANC 
ueq/L 
16.2 
15.7 
15.1 
0.53 
15.69 
3.4% 
11.4 
10.7 
11.8 
0.57 
11.31 
5.1% 
DOC 
mg/L 
3.97 
3.92 
3.87 
0.05 
3.92 
1.3% 
3.55 
3.65 
3.48 
0.09 
3.56 
2.4% 
Li
.
 
ueq/L 
<2 
<2 
<2 
n/a 
n/a 
n/a 
2.1 
<2 
2.2 
0.07 
2.15 
3.3% 
CI 
ueq/L 
64 
63 
63 
0.58 
63.33 
0.9% 
132 
133 
131 
1.00 
132.00 
0.8% 
N03 
ueq/L 
<0.1 
<0.1 
<0.1 
n/a 
n/a 
n/a 
4.8 
4.8 
4.8 
0.00 
4.80 
0.0% 
so4 
ueq/L 
83 
83 
83 
0.00 
83.00 
0.0% 
64 
63 
63 
0.58 
63.33 
0.9% 
Table D.2. Field replicates for sample type 2 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Research Site 
._ ,
 n replicate 1 
East Bear 
Brook replicate 2 replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
replicate 1 
Hadlock Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Al 
M9/L 
322 
320 
312 
5.29 
240 
2.2% 
254 
254 
257 
1.73 
255 
0.7% 
Be 
MQ/L 
0.10 
0.10 
0.10 
0.00 
0.07 
4.7% 
Ca 
mg/L 
1.20 
1.18 
1.20 
0.01 
0.90 
1.2% 
0.139 0.997 
0.14 
0.137 
0.00 
0.14 
1.1% 
0.975 
0.981 
0.01 
0.98 
1.2% 
Total, ICP- AES 
Fe 
M9/L 
32.50 
29.90 
30.60 
1.35 
23.59 
5.7% 
18.2 
18.6 
18.6 
0.23 
18.47 
1.3% 
K Mg 
mg/L mg/L 
0.39 
0.40 
0.39 
0.00 
0.30 
1.2% 
0.195 
0.198 
0.201 
0.00 
0.20 
1.5% 
0.27 
0.27 
0.27 
0.00 
0.20 
0.9% 
0.37 
0.363 
0.366 
0.00 
0.37 
0.9% 
Mn 
M9/L 
26.40 
23.90 
24.00 
1.42 
18.93 
7.5% 
11.2 
11.2 
11.2 
0.00 
11.20 
0.0% 
Na Si 
mg/L mg/L 
1.73 
1.67 
1.68 
0.03 
1.28 
2.5% 
2.85 
2.81 
2.72 
0.07 
2.79 
2.4% 
1.52 
1.51 
1.51 
0.01 
1.14 
0.5% 
1.9 
1.86 
1.88 
0.02 
1.88 
1.1% 
Zn 
Mg/L 
5.63 
5.12 
5.20 
0.27 
4.06 
6.8% 
5.25 
5.3 
5.34 
0.05 
5.30 
0.9% 
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Table D.3. Field replicates for sample type 2 from the ICP-MS for East Bear Brook and Hadlock Brook, M 
Research Site 
replicate 1 
East Bear 
Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
replicate 1 
Hadlock Brook
 r e p | j c a t e 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Al 
M9/L 
257 
278 
297 
20.19 
277 
7.3% 
206 
218 
199 
9.67 
207.7 
4,7% 
As 
i«gfl. 
0.247 
0.284 
0.276 
0.02 
0.27 
7.2% 
0.098 
0.099 
0.100 
0.00 
0.10 
1.3% 
Ba 
pg/L 
4.62 
4.70 
4.72 
0.05 
4.68 
1.0% 
4.57 
4.55 
4.56 
0.01 
4.56 
0.2% 
Be 
pg/L 
0.080 
0.082 
0.084 
0.00 
0.08 
2.5% 
0.109 
0.108 
0.109 
0.00 
0.11 
0.6% 
Ca 
mg/L 
1093 
1083 
1181 
54.36 
1119 
4.9% 
923 
920 
937 
9.36 
927 
1.0% 
Cd 
pg/L 
0.034 
0.036 
0.034 
0.00 
0.03 
2.4% 
0.038 
0.100 
0.040 
0.04 
0.06 
59% 
Co 
pg/L 
0.228 
0.250 
0.237 
0.01 
0.24 
4.7% 
0.109 
0.119 
0.116 
0.01 
0.11 
4.5% 
Cr 
pgfl-
0.178 
0.194 
0.198 
0.01 
0.19 
5.6% 
0.079 
0.089 
0.081 
0.01 
0.08 
6.5% 
Total, ICP-MS 
Cu Fe 
pg/L 
0.254 
0.254 
0.271 
0.01 
0.26 
3.7% 
0.085 
0.096 
0.111 
0.01 
0.10 
14% 
pg/L 
26.39 
30.00 
28.28 
1.80 
28 
6.4% 
13.64 
13.87 
12.69 
0.63 
13.40 
4.7% 
Mn 
pgfl-
20.96 
25.04 
23.66 
2.07 
23 
8.9% 
10.02 
10.80 
9.77 
0.54 
10.19 
5.2% 
P 
pg/L 
1.918 
2,573 
1.615 
0.49 
2.04 
24% 
1.046 
1.019 
1.430 
0.23 
1.17 
20% 
Pb 
pg/L 
0.189 
0.208 
0.200 
0.01 
0.20 
4.8% 
0.069 
0.075 
0.072 
0.00 
0.07 
3.9% 
S 
Mg/L 
1079 
1182 
1253 
87.27 
1171 
7.5% 
830 
918 
763 
77.45 
837 
9.3% 
Ti 
pg/L 
1.530 
1.558 
1.577 
0.02 
1.55 
1.5% 
0.197 
0.251 
0.213 
0.03 
0.22 
13% 
Table D.4. Field replicates for sample type 3 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Research 
Site 
East Bear r e p l i c a t e 1 
Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Al 
Mg/L 
235 
237 
234 
1.53 
177 
Standard Deviation/Mean 0.9% 
._. replicate 1 Hadlock ,.
 x n 
Brook r e P , l c a t e 2 
replicate 3 
Standard Deviation 
Mean 
262 
263 
260 
1.53 
262 
Standard Deviation/Mean 0.6% 
Dissolved Metals 
Be 
M9/L 
0.12 
0.10 
0.12 
0.01 
0.09 
13.0% 
0.163 
0.148 
0.148 
0.01 
0.15 
5.7% 
Ca 
mg/L 
1.06 
1.04 
1.03 
0.02 
0.79 
2.0% 
1.016 
0.969 
0.983 
0.02 
0.99 
2.4% 
Fe 
Mg/L 
3.79 
3.91 
3.79 
0.07 
2.89 
2.4% 
20 
19 
19.3 
0.51 
19.43 
2.6% 
(filtered, < 0.45 \im), ICP-AES 
K Mg 
mg/L mg/L 
0.37 0.24 
0.38 0.24 
0.38 0.24 
0.01 0.00 
0.28 0.18 
2.5% 1.3% 
0.205 0.383 
0.216 0.371 
0.212 0.375 
0.01 0.01 
0.21 0.38 
2.6% 1.7% 
Mn 
Mg/L 
21.10 
21.10 
21.20 
0.06 
15.86 
0.4% 
12.7 
12.1 
12.4 
0.30 
12.40 
2.4% 
Na Si 
mg/L mg/L 
1.71 
1.70 
1.66 
0.03 
1.27 
2.1% 
2.9 
2.74 
2.78 
0.08 
2.81 
3.0% 
1.58 
1.57 
1.57 
0.01 
1.18 
0.5% 
1.86 
1.82 
1.83 
0.02 
1.84 
1.1% 
Zn 
Mg/L 
7.37 
7.41 
7.29 
0.06 
5.53 
1.1% 
5.81 
5.63 
5.68 
0.09 
5.71 
1.6% 
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Table D.5. Field replicates for sample type 3 from the ICP-MS for East Bear Brook and Hadlock Brook, M 
Research 
Site 
East Bear 
Brook 
replicate 1 
replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Hadtock 
Brook 
replicate 1 
replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Al 
Mgfl. 
238.3 
238.4 
225.2 
7.62 
234 
3.3% 
281 
276 
264 
9.12 
273.8 
3.3% 
As 
Mgfl. 
0.179 
0.178 
0.174 
0.00 
0.18 
1.4% 
0.140 
0.137 
0.148 
0.01 
0.14 
4.2% 
Ba 
ng/L 
6.221 
6.379 
6.115 
0.13 
6.24 
2.1% 
5.406 
5.469 
5.817 
0.22 
5.56 
4.0% 
Be 
fjg/L 
0.071 
0.07 
0.069 
0.00 
0.07 
1.4% 
0.093 
0.088 
0.099 
0.01 
0.09 
6.0% 
Ca 
mg/L 
1132 
1105 
1084 
24.28 
1107 
2.2% 
1117 
1048 
1050 
39.62 
1072 
3.7% 
Cd 
Mg/L 
0.048 
0.048 
0.046 
0.00 
0.05 
2.1% 
0.051 
0.050 
0.056 
0.00 
0.05 
6.6% 
Dissolved (filtered, 
Co Cr Cu 
M9/I-
0.27 
0.265 
0.269 
0.00 
0.27 
1.0% 
0.132 
0.130 
0.128 
0.00 
0.13 
1.6% 
Mg/L 
0.127 
0.122 
0.123 
0.00 
0.12 
2.2% 
0.092 
0.089 
0.089 
0.00 
0.09 
2.0% 
Mgfl-
0.256 
0.202 
0.189 
0.04 
0.22 
16% 
0.088 
0.060 
0.113 
0.03 
0.09 
31% 
< 0.45 |jm), ICP-MS 
Fe Mn P 
M9/L 
3.026 
3.145 
3.039 
0.07 
3.07 
2.1% 
19.1 
18.2 
18.2 
0,53 
18.53 
2.9% 
Mg/L 
18.18 
17.15 
17.97 
0.55 
18 
3.1% 
12.0 
11.7 
11.8 
0.20 
11.82 
1.7% 
ngfl-
0.79 
0.727 
0.732 
0.04 
0.75 
4.7% 
0.420 
0.562 
0.489 
0.07 
0.49 
15% 
Pb 
Mg/L 
0.075 
0.076 
0.069 
0.00 
0.07 
5.5% 
0.079 
0.074 
0.083 
0.00 
0.08 
5.7% 
S 
Mg/L 
1542 
1529 
1465 
41.32 
1512 
2.7% 
1204 
1108 
1116 
53.28 
1142 
4.7% 
Ti 
Mg/L 
0.174 
0.178 
0.188 
0.01 
0.18 
3.9% 
0.259 
0.261 
0.247 
0.01 
0.26 
3.0% 
Table D.6. Field replicates for sample type 4 from the ICP-AES for East Bear Brook and 
Hadlock Brook, Maine, USA. 
Research 
Site 
East Bear 
Brook 
replicate 1 
replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Hadlock 
Brook 
replicate 1 
replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Organically-
Al 
ug/L 
140 
136 
151 
8 
109 
7.1% 
117 
118 
122 
3 
119 
2.2% 
Be 
M9/L 
0.00 
0.01 
0.02 
0.01 
0.01 
104.4% 
0.018 
0.017 
0.02 
0.00 
0.02 
8.3% 
Bound Metals 
Ca 
mg/L 
0.01 
0.03 
0.03 
0.01 
0.02 
44.2% 
0.036 
0.05 
0.067 
0.02 
0.05 
30.4% 
Fe 
M9/L 
7.02 
6.56 
6.89 
0.24 
5.18 
4.6% 
11 
10.8 
10.9 
0.10 
10.90 
0.9% 
(filtered (< 0.45 urn), ion 
K 
mg/L 
0.01 
0.01 
0.01 
0.00 
0.01 
21.1% 
0.007 
0.005 
0.006 
0.00 
0.01 
13.9% 
Mg 
mg/L 
0.00 
0.00 
0.01 
0.00 
0.00 
53.8% 
0.0104 
0.017 
0.024 
0.01 
0.02 
39.7% 
Mn 
M9/L 
-0.62 
-0.37 
-0.04 
0.29 
-0.18 
-160.3% 
-0.315 
-0.116 
0.132 
0.22 
-0.10 
-224.7% 
exchange), ICP-AES 
Na 
mg/L 
0.03 
0.04 
0.03 
0.01 
0.03 
27.0% 
0.0827 
0.0965 
0.1233 
0.02 
0.10 
20.5% 
Si 
mg/L 
1.76 
1.57 
1.59 
0.10 
1.26 
8.3% 
2.11 
2.04 
2.01 
0.05 
2.05 
2.5% 
Zn 
M9/L 
7.79 
0.12 
3.49 
3.84 
3.81 
100.8% 
26.3 
1.67 
0.728 
14.50 
9.57 
151.6% 
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Table D.7. Field replicates for sample types 5 and 6 for East Bear Brook and Hadlock 
Brook, Maine, USA. 
Research Site 
replicate 1 
East Bear Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
replicate 1 
Hadlock Brook replicate 2 
replicate 3 
Standard Deviation 
Mean 
Standard Deviation/Mean 
DIC mg/L 
0.39 
0.40 
0.40 
0.01 
0.30 
1.9% 
0.316 
0.322 
0.298 
0.01 
0.31 
4.0% 
pH (closed cell) 
5.208 
5.213 
5.209 
0.00 
3.91 
0.1% 
5.229 
5.222 
5.222 
0.00 
5.22 
0.1% 
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Appendix E 
COMPARISON OF ICP-AES AND ICP-MS DATA 
Figure E.l. Total metals analyzed on the ICP-AES and ICP-MS for East Bear Brook, 
Maine, USA. 
Figure E.2. Dissolved (< 0.45 um) metals analyzed on the ICP-AES and ICP-MS for East 
Bear Brook, Maine, USA. 
Figure E.3. Total metals analyzed on the ICP-AES and ICP-MS for Hadlock Brook, 
Maine, USA. 
Figure E.4. Dissolved (< 0.45 um) metals analyzed in the ICP-AES and ICP-MS for 
Hadlock Brook, USA. 
Figure E.5. Total metals analyzed on the ICP-AES and ICP-MS for Fernow WS3, West 
Virginia, USA. 
Figure E.6. Dissolved (< 0.45 urn) metals analyzed on the ICP-AES and ICP-MS for 
Fernow WS3, West Virginia, USA. 
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Figure E.l. Total metals analyzed on the ICP-AES and ICP-MS for East Bear Brook, Maine, USA 
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Figure E.2. Dissolved (< 0.45 um) metals analyzed on the ICP-AES and ICP-MS for East Bea 
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Figure E.3. Total metals analyzed on the ICP-AES and ICP-MS for Hadlock Brook, Maine, US 
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Figure E.4. Dissolved (< 0.45 urn) metals analyzed in the ICP-AES and ICP-MS for Hadlock B 
0,15 i 
100 200 300 
pgAI/L (ICP-AES) 
35 
30 
25 
20 
15 
10 
5 
0 
10 20 30 
Mg Fe/L (ICP-AES) 
400 
, y = 0.89x+J 01 
RJ = 0.99 
2m 
&* 
j . .. . 
40 
0,05 0.1 0.15 
Mg Bell (ICP-AES) 
500 
y 
10 20 30 
M9 Mn/L (ICP-AES) 
40 2 
Figure E.5. Total metals analyzed on the ICP-AES and ICP-MS for Fernow WS3, West Virgin 
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Figure E.6. Dissolved (< 0.45 urn) metals analyzed on the ICP-AES and ICP-MS for Fernow WS3, 
Vireinia. USA. 
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Appendix F 
WATER CHEMISTRY FOR ICP-MS LABORATORY REPLICATES 
Table F. 1. Laboratory replicates and analytical error for the ICP-MS (Goss, 2006). 
166 
Table F.l. Laboratory replicates and analytical error for the ICP-MS (Goss, 2006). 
Standard River 
Water Reference 
Material {National 
Research Council 
Canada) 
Element 
Wavelength 
Resolution 
Units 
srm-1 
srm-2 
srm-3 
srm-4 
srm-5 
srm-6 
Certified Value 
Standard Deviation 
Mean 
Standard Deviation/Mean 
Al 
27 
medium 
59 
57 
55 
56 
49 
50 
54 
4 
54 
7% 
As 
75 
low 
u g t 
0.708 
0.721 
0.661 
0.701 
0.583 
0.633 
0.680 
0.053 
0.668 
8% 
Ba 
138 
low 
12.39 
13.24 
13.12 
14.59 
12.62 
13.71 
12.20 
0.79 
13.28 
6% 
Be 
9 
low 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.00 
0.01 
0% 
Ca 
44 
medium 
6178 
6425 
6984 
6316 
6110 
6490 
6200 
313 
6417 
5% 
Cd 
111 
low 
ra"-
0.012 
0.012 
0.011 
0.013 
0.011 
0.012 
0.012 
0.001 
0.012 
6% 
Co 
59 
medium 
ug/L 
0,04 
0.04 
0.04 
0.04 
0.04 
0.03 
0.03 
0.00 
0.04 
11% 
Cr 
52 
medium 
M9*-
0.369 
0.357 
0.337 
0.356 
0.312 
0.346 
0.330 
0.020 
0.346 
6% 
Cu 
63 
medium 
M9/L 
1.958 
2.077 
1.879 
1.878 
1.869 
1.750 
1.810 
0.109 
1.902 
6% 
Fe 
56 
medium 
F9'L 
103 
112 
106 
112 
100 
105 
103 
5 
106 
5% 
Mn 
55 
medium 
3 
3 
3 
3 
3 
3 
3 
0 
3 
0% 
P 
31 
medium 
6.54 
5.82 
5.40 
5.64 
5.42 
5.46 
5.92' 
0.44 
5.71 
8% 
Pb 
208 
low 
0.086 
0.096 
0.088 
0.091 
0.096 
0.093 
0.086 
0.004 
0.092 
5% 
S 
32 
medium 
ug/i-
2717 
2446 
2267 
2435 
2385 
2338 
2.23 
155 
2431 
6% 
* value is from literature (not certified for this element) 
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